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Attachment of ethylenediaminetetraacetate (EDTA) to the DNA 
intercalator methidiurn creates an efficient DNA cleaving molecule, 
methidiumpropyl-EDTA (MPE). MPE•Fe(II) (lo-7 M) single strand cleaves 
supercoiled pBR-322 plasmid DNA (lo-S M) in the presence of 02, 
converting it to 56% open circular DNA. In the presence of 1 rnM 
dithiothreitol (DTT) and 02, MPE•Fe(II) (lo-8 M) converts supercoiled 
pBR-322 DNA (lo-S M) to 97% open circular and 3% linear DNA. MPE·Mg(II) 
binds to sonicated calf thymus DNA with a binding affinity of 1.2 x l0-5 
Mll and binding site size of 1.9 base pairs, and unwinds supercoiled PM2 
plasmid DNA with an unwinding angle of 11°± 3°. 
The reaction conditions for DNA cleavage and factors affecting the 
cleavage efficiency by MPE•Fe(II) have been determined. The cleavage is 
dependent on Fe(II) and 02, inhibited by chelating agents, enhanced by 
reducing agents (ascorbate > DTT > NADH), inhibited by catalase, 
partially inhibited by radical scavengers, relatively unaffected by 
sodium concentration, and optimum at pH 7.4 (in Tris·HCl buffer). 
MPE·Fe(II) cleaves DNA in a relatively non-sequence specific manner, 
with significantly lower sequence specificity than the enzyme DNAse I, 
and is a useful footprinting tool for the determination of small 
molecule binding sites on naturally occurring heterogeneous DNA. 
The products from the cleavage reaction of MPE·Fe(II) with DNA have 
been characterized. The results demonstrate that each strand scission 
produces a free nucleotide base, a 5' phosphoryl group, and a mixture of 
3' phosphoryl and 3' phosphoglycolic acid groups left on the 
polynucleotide chain. Very little malondialdehyde or base-propenals are 
-v-
produced. These products are consistent with the intermediacy of 
hydroxyl radical in the strand scission reaction. 
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INJKDJCTICE 
Many biological molecules which exhibit a high affinity for DNA 
are capable of inducing strand breakage of the double helix. Two major 
classes of such rrolecules are the nucleases and the antibiotics_, both of 
which can display varying degrees of sequence specificity. The specific 
interactions between DNA and many of these agents which lead to 
recognition and strand cleavage are not known. 
NUcleases are natural enzymes which hydrolyze phosphodiester 
bonds in nucleic acids. The non-specific nucleases, such as DNAse I, 
are relatively indifferent with respect to nucleotide sequence and 
cleave all phosphodiester bonds in DNA alrrost equally .1 These enzymes 
are useful for determining the locations and sizes of protein binding 
sites on heterogeneous DNA,2 and for locating the sites of tran-
scriptionally active genes.3 In contrast, the restriction endonucleases 
produce double strand cleavage adjacent to four to six base pair 
recognition sequences.4 These enzymes have been ·invaluable to molecular 
biologists with respect to DNA sequencing, gene isolation, chromosome 
analysis, and recombinant DNA techniques. 
A number of naturally occurring small molecules with cytotoxic 
and antitumor antibiotic activity cause DNA strand breaks, which is 
believed to be related to their biological activity.S Most of these 
drugs degrade DNA through oxidative degradation of the deoxyribose. 
These agents are useful as probes to study the recognition of DNA by 
small molecules, and many are widely used as chemotherapeutic agents in 
man. 
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I describe here the synthesis of methidiumpropyl-EDTA (MPE) , 
which contains the metal chelator, etqylenediarninetetraacetate (EDTA) 
tethered to the DNA intercalator, methidium. MPE·Fe(II) cleaves DNA 
efficiently in the presence of ferrous ion, oxygen, and reducing agents 
such as dithiothreitol (OTT) .6,7 MPE•Fe(II) cleaves DNA in a 
relatively non-seguence §Pecific manner and with significantly lower 
sequence specificity than the enzyme DNAse I, and is a useful 
footprinting tool for detennining the locations, size and relative 
importance of small molecule binding sites on native DNA.8 
I report here (1) the total synthesis of MPE, (2) DNA binding 
affinities and unwinding angles, (3) reaction conditions for DNA 
cleavage and factors affecting the cleavage efficiency by MPE·Fe(II) and 
(4) analyses of the DNA cleavage products. 
OOA Cleaving Reagents 
Most of the non-enzymatic reagents capable of producing strand 
breaks in DNA involve oxidative reactions with the deoxyribose moiety. 
These reactions are initiated by the activation of molecular oxygen near 
the site of the DNA helix. Agents capable of producing activated oxygen 
include quinones,9 metal ions,lO and y-irradiation.ll DNA cleaving 
reagents are often bifunctional molecules, incorporating one of these 
oxygen activation agents and a DNA binding moiety. 
streptonigrin and mitomycin are two examples of quinone-




contain similar arnincquinone rings, and this feature is known to be 
essential for their biological activity.S streptonigrin binds to DNA in 
yitro both reversibly and irreversibly,l2 but it does not bind via 
intercalation.l3 Its lethal action is directly correlated with its 
ability to degrade DNA.l4 It is thought that streptonigrin is reduced 
intracellularly to the hydrcquinone form which can react with molecular 
oxygen, activating it for subsequent reaction with DNA. An electron 
source and oxygen were found to be -required for streptonigrin to exert 
its greatest lethal effect in YivQ,l4 and the esr spectrum of the 
semiquinone form has been observed in cultures of E.coli.lS 
More details concerning the cascade of reactions leading to 
oxygen activation and DNA strand scission by streptonigrin have been 
elucidated by studies with DNA in vitro. Strand breaks oc~ur only in 
the presence of oxygen and a reducing agent.l3,16 The reaction is 
inhibited by free radical scavengers such as potassium iodide, and also 
by the enzymes catalase (which converts hydrogen peroxide to molecular 
oxygen and water) and superoxide disrnutase (SOD, which converts 
super oxide, ~:, to hydrogen peroxide and oxygen) • Cone et al. have 
proposed that the hydroxyl .radical, •OH, is the ultimate reactive 
species which initiates attack on DNA, and has put forward the following 
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scheme to explain the involvement of reduced oxygen intermediates and 
the semiquinone form (SNH·) of streptonigrin (SN) :13 
SN + NADH + Hi" ~ SNH2 + NAD+ 
SNH2 + 02 ~ SNH• + HD2. 
HD2. ---1 ~: + Hi" 
catalase 
2H2D2 2H20 + 02 
~: + H2D2 ----1 •OH + 0Ir + D2 
The last reaction, known as the Haber-weiss reaction, proceeds at a very 
slCM rate in the absence of metal ions.l7 It is possible that divalent 
metal ions complex to streptonigrin and facilitate the generation of •OH 
by catalyzing this reaction. 
Mitomycin will attack DNA to produce single-strand breaks ln 
vitro in a reaction equivalent to that described for streptonigrin. The 
cleavage is dependent on molecular oxygen and reducing agents, and is 
inhibited by SOD, catalase, and free radical scavengers.l8 The property 
that sets mitomycin apart from streptonigrin is its ability to 
covalently bind to DNA through bifunctional alkylation, resulting in the 
cross-linking of complimentary strands on DNA.l9 This cross-linking 
reaction requires reduction of mitomycin to its hydroquinone derivative. 
The covalently bound reduced mitomycin is then poised to react with 
molecular oxygen to produce the semiquinone and a hydroperoxy radical, 
as described earlier. 
TWo other quinone-containing antitumor antibiotics which have 
been associated with DNA strand breaks are daunomycin and adri~cin. 
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These drugs are DNA intercalators which cleave DNA in vitro with low 
efficiency and are dependent on potent reducing agents such as sodium 
borohydride.20 Recently, Haseltine reported that NADPH cytochrome P-450 
reductase could also reduce adriamycin to a semiquinone radical, 
resulting in DNA cleavage in a reaction mediated by molecular oxygen.21 
However this reaction probably is not important in YivQ as evidenced by 
the fact that the quantity of adriamycin-induced DNA strand breaks in 
cultured cells is unaffected by low oxygen concentrations ( < 4ppn 
oxygen) .22 It seems more likely that these anthracycline antibiotics 
induce the formation of strand breaks in YivQ by distorting the helix in 
such a way as to provoke the action of a nuclease. This phenomenon has 
been demonstrated with other DNA intercalators such as ellipticine, 
actinomycin D, ethidiurn bromide, and lucanthone.23 
In recent years a number of macromolecular (>10,000 dalton) 
antibiotics have been isolated which can cleave DNA. Among these are 
neocarzinostatin (NCS) and auromor£¥cin, which are acidic polypeptides of 
molecular weight 10,700 and 12,500 respectively.24 NCS contains a 
non-protein chramophore which possesses the ful l biological activity of 
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the holo-antibiotic.25 This chromophore (molecular weight, 661) has not 
yet been fully characterized; a partial structure has been 
reported.26 It is very labile in aqueous solution but is stabilized by 
binding to its apoprotein, from which it can be released for interaction 
with DNA.27 The chromophore-free protein has no biological activity and 
apparently serves as a piggy-back molecule to stabilize and transport 
NCS-chramophore to its target.27a 
The NCS-chramophore binds to DNA rather tightly (l<d = 0.25 wM) 
with a binding site size of six nucleotides.24 It is capable of 
unwinding supercoiled DNA, suggesting that intercalation is involved in 
the binding reaction.24,27c In the presence of reducing agents and 
molecular oxygen-, OCS-chramophore proouces strand- breaks in DNA. 24 The 
inhibition of the reaction by free radical scavengers,28 and the 
demonstration of ESR signals on drug activation29 suggest that the 
mechanism of cleavage involves the generation of free radicals. The 
breaks occur primarily at thymidine and deoxyadenosine residues in 
DNA24,30 and are accompanied by free base release.31 The chemistry of 
DNA degradation by the NCS chramophore involves selective oxidation at 
the 5' carbon of nucleosides in DNA to produce a strand break and DNA 
fragments bearing a phosphate group on the 3'-end and a 
nucleoside-5'-aldehyde on the 5'-end.32 It is thought that the highly 
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unsaturated C12H6 unit of the NC5-chromophore, probably as a free 
radical species, is directly involved in the oxidation and can also form 
a covalent bond with the 5 ' carbon. Recently, adducts have been 
isolated which contain oligonucleotides covalently bound to 
chrornophore,33 supporting this view and implicating another mechanism by 
which NCS can cause damage to DNA. 
The most well-studied group of antitumor antibiotics cafSble of 
cleaving DNA are the bleomycins. The bleornycins constitute a family of 
glycopeptide antibiotics which differ only in their terminal groups, and 
are active against several neoplasias in rnan.34 They were discovered by 
Umezawa et al.35, who isolated them as copper complexes fran culture 
media of Steptamyces yerticillus. The therapeutic and cytotoxic 
activities of the drug probably result fran degradation of DNA in 
bleomycin-treated cells.34 
The structure of bleomycin (molecular weight 1419, for bleomycin 
A2) can be divided into two regions: the DNA binding portion containing 
the bithiazole moiety and terminal side chain, and the metal 
ion-chelating portion comprising most of the remainder of the molecule. 
The- propose-d structun~ for bleoomycln-F~(ll) comple-x 
-8-
Whether the bithiazole intercalates between DNA bases or simply binds in 
the minor groove is disputed. Bleanycin shows some evidence of 
intercalation such as DNA unwinding and consistent electric dichroism 
measurernents.36 However NMR studies of the poly(dA-dT) •poly(dA-dT)-
bleomycin A2 complex are not consistent with an intercalative binding 
mode.37 Recently an analogue of the DNA binding region has been 
analyzed by x-ray crystallogr aphy3 8 and the structure found cot.:ld be 
intercalated in DNA by computer graphics model-building. The binding 
constant of bleomycin to calf thymus DNA is 5.7 x lOS Mrl, with a 
binding site size of 3.7 base pairs.39 
The other portion of the bleomycin molecule is capable of 
binding to metal ions. The crystal structure of an analogue of this 
moiety bound to Cu(II) indicates tnat the coordination geometry of the 
complex is square pyramidal, with the metal binding ligands shown in the 
figure. Horwitz and her coworkers40 demonstrated convincingly that the 
Fe(II) complex is active in DNA strand scission. The reaction is 
dependent on 02, enhanced by reducing agents, and inhibited by iron 
chelators and non-ferrous metal ions. Peisach and coworkers have 
characterized steps leading to the activated bleanycin complex.41 
CD 02 ill J O,•ONA 0 MOA Q) 
Fe(n) • BLM -Fe(n) · BLM ~ 0 2 · Fe(R) · BLM ..Q2.. ACTIVATED BLM ~ Felm)·BLM-BLM + Fe(m) EtNY ~H202 
EtNC · Fe(n) · BLM . 
t 1,2 n d. 0.2s 6s 2 min. n.d. 
EPI! SILENT SILENT g ' 2 26. 2 17, 1.94 g: 2 45, 2 18, 1.89 g I 4. 3 
Xmoxlnm) 370 .476 385 365. 384 365 . 384 
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Both oxygen activation of ferrous bleomycin and H2G2 activation of 
ferric bleo~cin give rise to the same activated complex. The 
production of DNA degradation products (MDA) coincides with the 
consumption of activated bleomycin. Also indicated is the reversible 
inhibition by the 02 analogue, ethyl isocyanide (EtNC). The nature of 
the actual Fe species involved in DNA cleavage is still unknown, but EPR 
studies of the complex prepared with 57Fe(II) and 1702 dernvnstrate the 
presence of iron as Fe(III) and bound oxygen originating in dioxygen.41 
A plausible structure for activated bleo~cin is a ferric-peroxo 
species: 
/0 
Fenm -o-oH or Fe(!Il ) I 
"'-o 
A subsequent step may be breakage of the o-o bond, although there is no 
direct evidence yet to support this. Analogous reactions occur with 
horseradish peroxidase (HRP) to form compound I42, or alternatively with 
metrnyoglobin (My) to form •OH radical :43 
HRP: Fe (III) + H2~ -------1 (Fe-Q) +3 + H20 
My: Fe (III) + H2~ ---) (Fe-00) +3 + •00 
Oxygen dependent cleavage of DNA by bleo~cin occurs at specific 
base sequences on heterogeneous DNA. Strand scission is induced at the 
pyrimidine of a two base pair recognition site, 5'-GITL3' or 
5'-GC-3'.30a,44 The cleavage specificities of various different 
bleamycins are almost identical.45,46 Therefore, the C-terminal 
substituent attached to the bithiazole ring is unimportant with respect 
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to base specific recognition and cleavage. Bleomycin does not degrade 
RNA,47 or single-stranded DNA.45 
The products released when bleomycin cleaves DNA include free 
nucleotide bases and base propenals (base-CH=CH-CHO) .48,49 When .the 
activated complex discussed earlier reacts with DNA anaerobically, only 
free base is released, and the phosphate backbone of the DNA remains 
intact but labile to alkali treatment.SO Under aerobic conditions, both 
types of products are released and strand scission occurs. Therefore, 
there is a second oxygen requirement for the direct cleavage route. 
This route leads to DNA fragments bearing ter.minal 5'-phosphates and 
terminal 3'-phosphoglycolic acid residues.45,49 The following mechanism 
has been proposed and is supported by tritium labelling experirnents:Sl 
0 
ROPQ~U 
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Degradation is initiated by abstraction of the deoxyribose-c-4'-H 
followed by partitioning of the 4' radical center between hydroperoxide 
and hydroxyl formation. '!he 4'-hydroperoxid= undergoes (C-3')-(C-4') 
bond breakage leading to the base propenals and DNA strand breakage. 
'!he 4'-hemiketal decomposes to release free base and structure 2, which 
is labile to alkali. 
The total synthesis of bleomycin has recently been completed by 
two different groups.52,53 These studies should lead to ~nthetic 
modifications that may help to define the relationship between metal 
coordination and oxygen activation, and between chemical structure and 
specific DNA recognition. 
A chemical reagent which is capable of DNA cleavage is the metal 
chelator 1,10-phenanthroline. '!he cleavage reaction occurs with the 
1, 10-phenanthroline 
2:1 phenanthroline-cuprous complex [ (OP) 2 ·Cu (I)] and is dependent on 
molecular oxygen.54 The reaction is blocked by catalase, and is greatly 
enhanced by thiols and H2C2·55 Hydroxyl radicals have been suggested as 
the reactive species in the degradation of DNA. It is thought that the 
metal complex binds to DNA, and Fenton-type chemistry takes place near 
the site of the helix: 
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EVidence for DNA binding comes from the fact that cleavage is 
inhibited by intercalators.55a Double-stranded DNA is a much better 
substrate than single-strand DNA, suggesting intercalation as the DNA 
binding mode. Studies concerning the sequence-specificity of the 
strand-scission have indicated that Cu-phenanthroline cleavage is 
virtually identical to that of micrococcal nuclease.56 Both of these 
agents recognize conformational perturbations in the helix resulting in 
an uneven pattern of cleavage. 
The only known method of introducing DNA strand breaks in a 
totally sequence-neutral manner is the random generation of qydroxyl 
radicals. This is achieved by y-irradiation, which decomposes water to 
the following products:57 
·OH, e~q(trapped as 02:), H•(trapped as •02H), H2, H202r H3o+. 
Of these, ·OH, e~q' and H· are the short lived species expected to 
react with DNA. Solvated electrons (e~q) and H atoms are scavenged by 
02 and the base moieties, but an appreciable part (10-20%) of the ·OH 
radicals react with the deoxyribose moiety on DNA by hydrogen 
abstraction.58 This leads to deoxyribose fragmentation, base release, 
and strand scission.58a,59 The end groups which remain on ·the DNA 
fragments are 5'-phosphates, and a mixture of 3'-phosphates and 
3'-phosphoglycolic acid residues.60 Tb date, no scheme which 
satisfactorily explains all of the reaction products and DNA end groups 
associated with y-irradiation induced cleavage has been proposed. 
Reagent Design 
All of the DNA cleaving molecules described above are 
bifunctional, incorporating a DNA binding moiety and an oxygen 
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activation reagent. Inspired by these naturally occurring molecules, we 
designed a simple new reagent capable of causing efficient strand 
scission of DNA. we chose to use a chelated ferrous ion as our oxygen 
activation reagent, and tethered it to the well-characterized DNA 
intercalator methidium. 
Among chelating agents with a high affinity for ferrous ion, 
et~lenediaminetetraacetic acid (EDTA) has many of the desired 
properties for use as a DNA cleavage reagent. EDTA forms a stable, 
water-soluble complex with Fe(II) ,61,62 and EDTA•Fe(II) is known to 
produce •OH radicals in aqueous solution. 63 
DNA intercalators are flat aromatic molecules which insert 
between adjacent base pairs of nucleic acids.64 These molecules can be 
used to deliver a desired chemical functionality unqiuely to the site of 
the helix. Ethidium bromide65 is an intercalator which has been used as 
Ethidium 
a probe of nucleic acid structure and function, and was chosen as the 
DNA binding portion of the bifunctional cleaving reagent. 
The final aspect of the reagent design was the selection of an 
appropriate tether to covalently link methidium to EDTA. Studies 
involving bleanycin indicated that the 4'-H on the deoxyribose is the 
initial site of attack by oxygen radicals.Sl Since the geometry and 
groove specificity of ethidium is known,65,66 we were able to construct 
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molecular .models of rnethidium-EJJrA canpounds bound to INA. It was 
determined that a short hydrocarbon tether, the propyl group, afforded 
the appropriate length and flexibility to facilitate the positioning of 
EIJI'A•Fe(II) group over the 4'-H of the deoxyribose. We undertook the 
synthesis of rnethidiumpropyl-EDTA (MPE) ,6 shown here as the Fe(II) 
ccmplex. 
MPE · Fe{n) 
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RESULTS AND DISClJSSION 
Synthesis. MPE was synthesized by two different methods (Fig. 
1) • Paracarboxyrrethidium (1) is a known canpound readily available in 
six steps from 2-aminobiphenyl.67 In method A, the imidizole68 of 
paracarboxymethidiurn was allowed to react with an excess of 
1,3-diaminopropane in dry DMSO affording methidiurnpropylamine (2) • 
Condensation of 2 with excess EDTA in dry DMF at 120°C yielded MPE (3) • 
In method B, 2 was condensed with the imidizole of triethyl ester 4, 
available in two steps from EDTA,69 affording MPE-triethyl ester (5). 
Hydrolysis of 5 with aqueous lithium hydroxide yielded MPE, identical in 
all respects to that produced by method A. 
EDTA-propane (6) was synthesized as a control reagent in order 
to compare its DNA cleavage efficiency to that of MPE. MPE and 6 
contain identical chelating moieties, and differ only in the fact that 
MPE contains the DNA binder methidium. The imidizole of 4 was condensed 
with proP.flamine in dry OOF, followed by hydrolysis with aqueous lithium 
hydroxide affording 6 (Fig. 1) • 
Biophysical Olaracterizatioo of MPE 
Bi.nting Affinity to auf '1byiws OOA. The binding of MPE to DNA 
can be monitored by absorption spectroscopy because, like ethidiurn 
bromide, a metachromatic shift results when MPE binds to nucleic acid. 
The visible absorption spectrum of MPE unbound and bound to sonicated 
calf thymus DNA is shCMn in Fig. 2. The \nax of MPE in the free state 
is 488 nm, while the Amax of MPE in the presence of excess DNA is 529 
nm. This metachromatic shift is identical for the metal complexes 
MPE•Ni(II) and MPE•Mg(II). The binding affinities were determined by 












absorbance titrations at 488 nm, the wavelength where the extinction 
coefficients of bound and free drug differ most. The data are presented 
in Scatchard form70 and a comparison of the experimentally observed 
plots to theoretical plots generated by the binding equations of McGhee 
and von Hippel71 allows an estimation of the binding affinity and 
binding site size (Fig. 3, Table 1) (for binding equations, see page 
52) • 
Table I 
Molecule Binding Affinity (~1) 
MPE 2.4 x 104 
MPE•Ni(IIj 1.5 x 105 
MPE•Mg(II) 1.2 x lOS 
Ethidiurn bromide 8.0 x 105 





Comparison of the binding affinities and binding site sizes of MPE and 
ethidiurn bromide to sonicated calf thymus DNA. Experimental details are 
described in the legend to Figure 3. The buffer was 10 mM Tris·HCl, 
50 mM NaCl, pH 7.4. In addition, l mM EDTA was included in the metal 
free MPE titration experiments. 
The binding constants for MPE•Ni(II) and MPE•Mg(II) are very 
similar, while metal-free MPE binds with 5-6 times lower affinity. This 
is not unexpected due to the effect of electrostatic interactions. 
Divalent metal complexes of MPE have a net zero charge, while metal free 
MPE has a net negative charge. Since these experiments were carried out 
at relatively low salt concentrations ([Na+] = 0.050 M), the 
electrostatic repulsion between metal-free MPE and the DNA phosphates 
-18-
Figure 2 
Comparison of the visible spectra of MPE unbound and bound 
to 4 rnM sonicated calf thymus DNA. The buffer was 10 mM 
T:Lis•HCl, 50 rnM NaCl, pH 7.4. The extinction coefficient at 
488 nm for free MPE is 5994 r-r-1 atcl; and of bound MPE is 

















Scatchard plots detennin2d by spectrophotometric titrations. 
For each experiment the results of titrations at two 
different DNA concentrations are shown. (a) MPE·Ni(II) was 
added to 9.6 x 10-6M bp (•), or 1.9 x lo-S M bp (&) calf 
thymus DNA; (b) MPE•Mg(II) was added to 7.7 x 10-6 M bp (•), 
or l.S x lo-S M bp (&) calf thymus DNA; (c) MPE was added to 
7.4 x 10-6 M bp (·), or 1.4 x lo-S M bp (&) calf thymus 
DNA in the presence of 1 mM EDTA; (d) Ethidium bromide was 
added to 7.4 x 10-6M bp (•), or l.S x 10-S M bp (&) calf 
tnYroUS DNA. The binding density, concentration of bound 
drug per bp (r) , is plotted against the ratio r/Cp, where Cp 
is the concentration of free drug. Solid lines are 
theoretical plots generated by the binding equation of 
McGhee and von Hippel71 for the binding affinity (K) and 
binding site size (n) indicated in Table I. The binding is 
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lowers its binding affinity. Ethidium bromide has a net positive charge 
and binds to DNA stronger than MPE·Ni(II) or MPE·Mg(II) due to 
electrostatic attraction. Binding affinity titrations using MPE•Fe(II) 
were not possible because of problems associated with drug degradation 
and precipitation. H<:Mever, since Fe(II) is a divalent metal we may 
assume that the binding constant for MPE•Fe(II) to DNA is on the order 
of 105. 
The binding site size for all four molecules in Table I was 
estimated to be approximately 2 bp. This is in accordance with the 
neighbor exclusion model which applies to intercalators.72 This model 
states that each space between base pairs forms a potential binding 
site, but binding sites immediately adjacent to a site already filled 
are forbidden. This principle is generally thought to hold true for 
ethidium, which is known to intercalate between base t:airs on DNA.65,66 
The question arises whether MPE is also a DNA intercalator. Probably 
the most critical test for intercalative binding to DNA arises from the 
expected unwinding of the double helix, and so we undertook a 
determination of the unwinding angle of MPE on double-helical DNA. 
Unwinding Angle on SUpercoiled DNA. Supercoiled DNA molecules 
are covalently closed circular double helices which are topologically 
bonded. The topology of the closed circle is defined by the number of 
twists in the helix and the number of supercoils in the circle. When a 
drug binds to and unwinds supercoiled DNA, the number of twists in the 
helix changes. Since the topology is bonded, the number of supercoils 
must also change. This change in superhelicity can be determined by 
agarose gel electrophoresis, which can resolve topoisomers differing by 
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one turn. 
In determining the unwinding angle of MPE we used superhelical 
PM2 plasmid DNA. The method is called electrophoretic band counting73 
and involves relaxing supercoiled molecules in the presence of various 
amounts of MPE with toi;X)isanerase I. The result is a complex between 
drug and covalently closed relaxed circular DNA. The drug is then 
removed with cntion exchange resin and the DNA becomes superhelical, 
with the degree of superhelicity dependent on the number of drug 
molecules and the unwinding angle. The samples are analyzed by agarose 
gel electrophoresis, and the band I;X)Sitions are determined by scanning 
densitometry. 
Figure 4 shows an unwinding angle gel with MPE and PM2 DNA. 
Since the action of topoisomerase I requires 10 rnM magnesium, the 
chelation state of the MPE was MPE·Mg(II). As the concentration of MPE 
was increased, the DNA moved faster on the gel indicating an increase in 
superhelicity. A plot of the relative linking number yersus number of 
MPE molecules (Fig. 5) gives rise to an apparent unwinding angle of 11° 
± 3° :per MPE·Mg(II) molecule. The unwinding angle was calculated by 
multiplying the slope of Figure 5 (number of turns per MPE~Mg(II) 
molecule) by 360°.73 This number is valid if all of the added drug 
molecules are bound and intercalated. Since the binding constant and 
DNA concentration are known, the relative amounts of bound and free drug 
can be calculated fran the McGhee-von Hippel equations. 71 This 
calculation yields a ratio bound to free drug of 54; that is essentially 
all of the MPE is bound to DNA. It is unknown what percentage of these 
bound species are intercalated and what percentages are outside bound. 
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Figure 4 
Agarose gel of PM2 DNA relaxed with Tbpoisamerase I and 
increasing amounts of MPE·Mg{II). 5 x l0-4 M {bp) PM2 DNA 
was combined with: lane {A) no drug or enzyme; {B) 409 
molecules of MPE·Mg{II) per PM2 molecule (r = 0.040); (C) 
460 (r = 0.045); (D) 511 (r = 0.050); (E) 563 (r = 0.055); 
(F) 614 (r = 0.060) molecules of MPE•Mg(II) per PM2 molecule 
and Tbpoisamerase I. After the reaction the samples were 
worked up and electrophoresed as descrfbed in the 
Experimental Section. 
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Figure 5 
TJnwinding angle plot for MPE· Mg (II) and PM2 DNA. The gel in 
Figure 4 was scanned with a densitometer and the band 
positions <Etermined. The least s:juares slop: calculated 
fran these points corresponds to 11° ± 3° unwinding per 









































Bresloff and Crothers65a found that for ethidium bromide, 80% is 
intercalated; the lll'Minding angle for each intercalated ethidium is 
26o74 or 28.9°.73b 
This unwinding angle for MPE•Mg(II) of 11° can be interpreted in 
two ways. If every MPE molecule is bound to INA in the same manner, 
then it binds with a geometry different to that of ethidium bromide. It 
has been noted experimentally, and demonstrated theoretically, that for 
DNA at least two major intercalation geanetries exist: one which 
unwinds 26° and another which unwinds 18°.75 Alternatively, if MPE 
binds to .I::NA in more than one mode, then it is J;X>Ssible that 42% of the 
molecules intercalate identically to ethidium (and unwind 26°) while 
others bind differently and do not unwind the helix. 
Cleavage of ll.lcleic Acid by MPE 
Factors Affecting the Cleavage Efficiency of lEA. The cleavage 
efficiency of .I::NA was assayed by monitoring the conversion of 
supercoiled · {form I) pBR-322 plasmid ONA76 to open circular (.form II) 
and linear forms (form III) by non-denaturing agarose gel 
electrophoresis.77 The introduction of one single-strand break converts 
form I to form II. '!he introduction of a second single-strand break 
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The cleavage efficiency of MPE•Fe(II) is compared to that af 
EDTA•Fe(II), EDTArpropane•Fe(II) [E-C3•Fe(II)], and bleamycin•Fe(II) 
[BLM•Fe(II)] in Table II. 
Table II 
%Form 
Reagent cone. M I II III 
EOrA• Fe (II) lo-4 94 6 0 0.06 
E-C3 •Fe (II) lo-4 92 8 0 0.08 
Fe (II) lQ-4 92 8 0 0.08 
MPE· Fe (II) lo-8 81 19 0 0.21 
MPE•Fe(II) lo-7 44 56 0 0.81 
MPE•Fe(II) 10-6 3 96 1 3.17 
MPE 1o-6 93 7 0 0.07 
BIM•Fe (II) lo-8 30 57 13 
BIM•Fe (II) lQ-7 0 67 33 
BIM· Fe (II) lQ-6 0 12 88 
BI.M lQ-6 72 24 4 
For.m I pBR-322 DNA (lo-5 M bp), reagent, and buffer (10 mM Tris•HCl, 
50 mM NaCl, pH 7 .4) were allowed to react at 22°C for 60 min. Forms 
I-III were analyzed with agarose gel electrophoresis and quantitated 
after ethidium bromide staining by densitometry. (a) Mean number of 
single-strand scissions per DNA molecule, calculated as described in 
the Experimental Section. These values cannot be calculated for 
bleomycin because of a non-random accumulation of single-strand breaks. 
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EDTA•Fe(II) at lo-4 M concentrations will cleave plasmid DNA, 
but with low efficiency. The results with free Fe(II) or E-c3•Fe(II) 
are the same, and addition of ethidium bromide to these reagents does 
not promote the cleavage reaction. we find that MPE•Fe(II) cleaves 
plasmid DNA efficiently at three orders of magnitude lower concentration 
(lo-7 M) (Table II). The addition of Fe(II) is required; MPE alone is 
inactive. This is analogous to bleomycin, where it has been 
demonstrated that the Fe(II) complex is required for DNA strand 
scission.40 
Table II shows that the conversion of form I to form II by 
MPE•Fe(II) and blearnycin•Fe(II) is achieved with comparable 
efficiencies. However, bleornycin•Fe(II) is more efficient at 
double-strand breaks to produce form III (linear) DNA. In general, 
bleomycin produces more linear molecules than would be expected from a 
random accumulation of single-strand breaks.79 This is most likely a 
result of its base sequence specificity,30a,44 which results in the 
preferential cleavage of certain regions on the plasmid.79 In contrast, 
cleavage by MPE•Fe(II) follows statistical predictions for the 
production of forms I, II, and III, indicating a random accumulation of 
single-strand breaks. 
Inhibitioo by <llelating Agents. If Fe (II) is absolutely 
necessary for MPE activity, then chelating agents should inhibit strand 
scission by virtue of their ability to bind to Fe(II) and sequester it 




Inhibitor cone. M I II III s 
None 13 87 0 2.0 
Em' A l0-2 86 14 0 0.15 
Em' A 5 X 10-2 94 6 0 0.06 
Des l0-2 97 3 0 0.03 
Des 5 X lo-2 100 0 0 0.0 
Form I pBR-322 {lo-5 M bp), MPE (lo-5 M), inhibitor, and buffer ~40 mM 
Tris·HCl, 5 rrto1 NaOAc, pH 7 .8) were canbined and then Fe{II) (10- M) was 
added. The reaction was at 22°C for 60 min; analysis was as described 
in the legend to Table I. 
Both desferrioxarnine (Des), a potent iron chelating agent,80 and 
Em'A were effective at inhibition. Since MPE contains the Em'A moiety 
and would be expected to have a high affinity for Fe (II), an excess of 
exogeneous chelating agent is necessary for inhibition. D:~ has a higher 
iron affinity than EDTA and is a more potent inhibitor. This indicates 
that metal ions, and particularly Fe (II) , are central to the rNA 
cleavage activity associated with MPE. 
Enhanceielt by Redlcing Agents. '!be activation of molecular 
oxygen by Fe(II) involves reduction of the 02 and oxidation of the 
Fe(II) .10 The DNA cleaving reagents which degrade DNA through oxygen 
activation are dependent on a source of electrons to carry out this 
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reduction. Ferrous ion can act as this source, but once the Fe(II) has 
been oxidized to Fe(III) the electron source has been depleted and the 
oxygen activation ends. Therefore, the addition of another electron 
source is necessary for most efficient DNA cleavage. With the 
metal-dependent DNA cleaving reagents bleomycin and 1,10-phenanthroline, 
reducing agents such as thiols and ascorbate have been found to greatly 
enhance cleavage efficiencies.40,55 we quantitated the effect of three 
reducing agents (dithiothreitol (DTT), sodium ascorbate, and NADH) on 
the MPE•Fe(II) strand scission reaction (Table IV, Figs. 6-8). 
These reducing agents enhance the cleavage reaction at 
concentrations as low at lo-S M, and effect their maximum enhancements 
in the 1 to 5 mM range. At concentrations higher than these, the 
cleavage falls off. Comparison of the three reducing agents reveals 
that sodium ascorbate is most efficient, followed by DTT and then NADH. 
Controls using either EDTA•Fe(II) or EDTA-propane•Fe(II) in the presence 
of these reducing agents show very little strand scission. The 
concentration of chelated Fe(II) used in these controls was 10-6 M, 
10-100 times higher than that used in the MPE cleavage experiments. 
Only with sodium ascorbate did any strand scission take place, and even 
then only 0.87 nicks per DNA plasmid occurred, compared to 5.3 nicks per 
plasmid for lo-8 M MPE·Fe(II)/sodiurn ascorbate (Table IV). 
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Table IV 
cone. M Reducing % FQtm 
MPE.Fe (II) Agent cone. M I II III s 
lo-7 IJI'I' 1o-s 48 52 0 0.73 
5 x 10-5 0 95 5 5.0 
lo-4 0 86 14 8.8 
5 X 10-4 0 59 41 16.5 
lo-3 0 58 42 16.6 
2 X 10-3 0 54 46 17.7 
5 X 10-3 0 60 40 16.1 
1o-2 0 63 37 15.4 
s x 1o-2 0 74 26 12.5 
1o-1 0 77 23 11.8 
5 X 10-1 0 87 13 8.4 
1o-8 1o-s 48 52 0 0.73 
s x 1o-s 31 69 0 1.2 
Io-4 24 76 0 1.4 
5 X l0-4 0 97 3 3.9 
l0-3 0 97 3 4.2 
2 X l0-3 0 96 4 4.4 
5 X l0-3 0 95 5 4.9 
l0-2 0 96 4 4.4 
Io-7 
5 X l0-1 8l l~ Q Q.2l 
Ascorbate Io-5 0 76 24 12 
s x 1o-s .o 49 51 19 
Io-4 0 37 63 23 
s x Io-4 0 23 77 27 
Io-3 0 15 85 31 
s x Io-3 0 9 91 34 
1o-2 0 13 87 32 
5 X l0-2 0 89 ll :z.~ 
lo-B Ascorbate 1o-s 8 92 0 2.5 
s x 1o-s 3 97 0 3.5 
Io-4 0 97 3 4.2 
s x Io-4 0 96 4 4.9 
Io-3 0 95 5 5.3 
s x 10-3 0 93 7 6.2 
1o-2 0 95 5 5.3 
5 X lQ-2 22 ~8 Q o.~a 
Io-7 Io-6 33 67 0 1.1 
1o-s 20 80 0 1.6 
l0-4 14 86 0 2.0 
10-3 0 95 5 5.3 
1o-a 1o-6 79 21 0 0.23 
1o-s 69 31 0 0.37 
10-4 53 47 0 0.63 
10=6 EIYI'A • Fe ( I I) 
lQ-3 3l 29 Q l.2 
D'IT Io-3 96 4 0 0.04 
10-6 IDrA• Fe (II) Ascorbate 1o-3 42 58 0 0.87 
10-5 IDrA• Fe (II) NAOO 1o-3 95 5 0 0.05 
10-6 E-C3 •Fe (II) DTI' Io-3 95 5 0 0.05 
10-6 E-C3 • Fe (II) Ascorbate Io-3 44 56 0 0.82 
1Q-5 E-C3•Fe (II) NAOO 10-3 95 5 0 0.05 
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Figure 6 
Effect of OTT concentration on the cleavage reaction. lo-5 
M bp pBR-322 DNA was incubated at 22°C with (a) 10-8 M 
MPE•Fe(II), or (b) lo-7 M MPE•Fe(II) and the indicated 
concentrations of OTT for 60 min in 10 rnM Tris•HCl, 50 rnM 
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Figure 1 
Effect of sodium ascorbate concentration on the cleavage 
reaction. lQ-5 M bp pBR-322 DNA was incubated at 22°C with 
(a) lQ-8 M MPE•Fe(II), or (b) lQ-7 M MPE•Fe(II) and the 
indicated concentrations of sodium ascorbate for 60 min in 
10 rnM Tris•HCl, 50 rnM NaCl, pH 7.4. Analysis was as 
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Figure 8 
Effect of NADH concentration on the cleavage reaction. lQ-5 
M bp pBR-322 DNA was incubated at 22°C with (a) lQ-8 M 
MPE•Fe(II), or (b) lQ-7 M MPE•Fe(II) and the indicated 
concentrations of NADH for 60 min in 10 mM Tris•HCl, 50 mM 
NaCl, pH 7 .4. Analysis was as described in the legend to 
Table I. 
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The ability of reducing agents to enhance the MPE·Fe(II) 
cleavage reaction presumably results from regeneration of Fe(II) from 
Fe(III) to produce a continuous source of active metal ion. This can 
occur over and over as the reducing equivalents are transferred .to 
molecular oxygen, mediated by Fe. This proposal then predicts that the 
action of MPE•Fe(II) is catalytic. This prediction is confirmed by an 
examination of the turnover number (single-strand scissions per 
MPE•Fe(II) molecule). The turnover number for lo-B M 
MPE•Fe(II)/ascorbate is 1.42, and for lo-B M MPE•Fe(II)/DTT is 1.12. 
Thus, there are more single-strand scissions than MPE•Fe(II) molecules 
under these conditions, indicating recycling of the Fe(II). 
Examination of figures 6 and 7 reveals that at high 
concentrations of DTT or ascorbate, the cleavage of DNA by MPE•Fe(II) is 
inhibited. Both of these reagents are hydroxyl radical scavengers,Bl,B2 
and this may account for the reduction in strand-scission. This raises 
the issue of the ultimate reactive species which initiates attack on 
DNA. The important of an electron source and metal ions has been shown. 
Given the precedents discussed earlier involving DNA cleaving reagents, 
some form of activated oxygen would seem to be a likely candidate. 
!Dp>rtance of 0:2 and Oxygen Radicals. Dioxygen is formally 
capable of undergoing a four-electron reduction to H20. Although this 
process is thermodynamically favorable, molecular oxygen contains two 
unpaired electrons in the ground state and direct reaction with a 
singlet reductant molecule to give singlet products is spin forbidden. 
Therefore, oxidati~n reactions involving oxygen are likely to proceed by 
one-electron steps and to involve free radical ·interrnediates:B3 
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e- - - - e- e-
~ ~ 02• --=-t ~-~ •00 + H20? 2H20 
The intermediacy of these species in the DNA cleavage reaction 
by MPE· Fe (II) was examined (Table V) • 
Table V 
% Form 
Inhibitor cone. M I II 
+ none 13 87 
none 97 3 
+ sma lQQb 72 28 
+ catalase lQQb 96 4 
+ DMSO 1.0 36 64 
+ JJIT 1.0 34 66 









Form I pBR-322 DNA (lQ-5 M bp), MPE (lo-S M), inhibitor and buffer (40 
rnM Tris·HCl, 5 rnM NaOAc, pH 7.8) were combined and then Fe(lo-5 M) was 
added. The reaction was at 22°C for 60 min. Anaerobic reaction was 
performed as described in the Experirrental Section. a) SOD is 
superoxide dismutase. b) Concentration in wg/rnl. 
Molecular oxygen is an absolute requirement; MPE•Fe(II) is .unable to 
promote strand-scission in its absence. The addition of the enzyme 
catalase inhibits the cleavage reaction. The radical scavengers DMSO, 
DTT, or sodium formate and the enzyme superoxide dismutase (SOD) are all 
only partially competent at inhibition; cleavage occurs in their 
presence, but at a decreased level. 
These results can be explained by examining the reactions in 
Scheme I. Molecular oxygen can oxidize EDTA·Fe(II) to EDTA·Fe(III), 
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Scheme I89 
( I ) Fe(II)· (EDTA) + 0 2 = Fe(m) · (EDTA) + 02 
( 2) 
( 3 ) 02 + H• ;: H02 
(4) HOi+ 02 + H•- H202 +Oz 
( 5) Fe (II)·(EDTA) + 02- Fe (m) · (EDTA) - 022 
( 6) Fe(IDHEDTA)- 022 + 2H• ~ Fe(m) ·(EDTA) + H202 
( 7) Fe(II)·(EDTA) + H2 02 - Fe (m) · (EDTA) + -oH +•OH 
( 8) Fe(liHEDTA) +•oH- Fe(m)·(EDTA) + -oH 
( 9) 02 + H202 - 0 2 + -oH + ·oH 
(10) RH +•OH- R• + H20 
(II) •oH + THF - H20 + THF• 
( 12) •cH20H + Fe(m) - •cH20H + Fe(ll) 
{ 13) Fe(m)·(EDTA) + e- = Fe(li)· (EDTA) 
(14) Fe(m) + e- = Fe(II) 
(15) 02 + e- ;: 02 
(16) DTT0x + 2e- + 2H+ ~ DTTred 
(17) H2 0 2 + Fe(m) - H• + H02 + Fe (II) 
( 18) Fe {II) + H20 2 - Fe (m) + -oH + •oH 
(19) •oH + H202 - H20 +HOi 
(20) H02 + Fe(m) - H• + 0 2 + Fe{li) 
(21) HOi + Fe(II) - H02 + Fe(m) 
(22) Fe(li) + ·oH - Fe <m> + -oH 
{23) Fe <m> + -o2H - (Fe o 2H) 2 • 
(24) (Fe02H)•
2 + (Fe0H)• 2 - 2Fe(II) + 0 2 + H20 
f: 6.7 X 102 M-ls-1 (pH 7.0) 
r : 2 X 106 M-ls-I [H'l(H++ I0-7·6 )] 
pk0 = 4.8 
2 x IO~M- 1s- 1 (pH 7.4) 
106 -107M-1s~ 1 
I010 M-1s-1 (H•] 
I. I X 104 M-IS-I (pH 6.5) 
>3 X 108 M-ls-I 
0 . 13 M-1s- 1 
I07 -I0 10 M-1s- 1 
2 X 109 M-ls-1 
>4 x 108 M-1s-1 
E0 = 0 . 136 V 
E0 =0.77V 
E0 = -O. io V 
E0 = -0.33V 
76 M- 1s-1 
3 X 107 M-ls-I 
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forming superoxide (02:). This reaction (1 and 2, Scheme I) is 
reversible; superoxide can act as a reducing agent for Fe(III). 
SUper oxide can also disrnutate to H202 and 02 (reaction 4) , or act as an 
oxidizing agent for Em'A·Fe(II), producing H2D2 and EDI'A•Fe(III). 
(reactions 5 and 6). The complete protection of DNA fran MPE•Fe (II) 
cleavage by catalase strongly suggests that H2D2 (produced by reactions 
4 and 6) is involved in the cleavage of DNA, and manifests its activity 
by being converted to •OH in the Fenton reaction (reaction 7). Catalase 
is an enzyme which converts H202 to H20 and 02, thereby preventing the 
Fenton reaction. The Haber-weiss reaction (reaction 9) is slow, and is 
unlikely to be source of ·OH. 
SOD is an enzyme which catalyzes the conversion of superoxide to 
H202 and 02. The rate of this reaction increases from 2 x 105 Mrl s-1 
to 2 x 109 Mil s-1 -upon SOD catalysis.84 strand-scission induced by 
MPE·Fe(II) is inhibited by SOD because the enzyme removes a source of 
reducing power, thereby decreasing the amount of reduced ferrous ion 
available for the Fenton reaction. Reducing agents recycle the Fe(III) 
produced in reactions 1, 6 and 7 to generate active ferrous ion. When 
DTT or ascorbate is present, the reducing power of superox~de is not 
needed and SOD has no effect on the cleavage efficiency. 
The production of free •OH as the primary species which 
initiates cleavage predicts that high concentrations of •OH scavengers 
would inhibit the reaction. •OH scavengers are known to protect DNA 
against damage by this species generated free in solution.85 However, 
only partial inhibition occurs with MPE•Fe(II) (Table V), which means 
that either another active species can attack the DNA, or else ·OH 
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formed by MPE•Fe(II) is closely associated with the DNA and cannot be 
scavenged before it reacts with the deoxyribose rings. 
A possibility for another active species is an iron-bound oxygen 
such as (Fe-o)+3, formed by splitting the o-o bond of EDTA·Fe(III)-D2-2 
(product of reaction 5) • This reaction is analogous to that by which 
H202 reacts with peroxidase to form compound I.42 However in that 
system, and in others which are thought to proceed Yia iron-bound oxygen 
such as catalase42,86 and cytochrome P-450,87 the iron is surrounded by 
a porphyrin. '!he formal assignrrent of canpound I is an oxy-cation of 
Fe (V) , but Mossbauer and spectral evidence contribute to the widely held 
view that compound I is an Fe(IV) species, with the additional oxidizing 
equivalent residing on the porphyrin in the form of a rr-cation 
radical.88 Since the metal ligand on MPE is not a porphyrin, it seems 
unlikely that an iron bound oxygen intermediate is involved, although 
the possibility cannot be ruled out. 
MPE·Fe(III) is relatively inefficient at strand-scission unless 
a reducing agent is added. We have found that H202 can enhance the 
cleavage of DNA by MPE•Fe(III) (Table VI). 
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Table VI 
Reagent Cofactor ~ FQcn 
Reagent cone. M Cofactor cone. M I II III s 
MPE•Fe(III) lo-7 H2D2 0 7S 2S 0 0.29 
10-6 40 60 0 0.91 
1o-s 17 83 0 1.8 
lo-4 18 82 0 1.7 
lo-3 27 73 0 1.3 
MPE•Fe(III) 1o-8 H2D2 0 92 9 0 0.09 
l0-6 81 19 0 0.21 
1o-s 74 26 0 0.30 
lo-4 73 27 0 0.31 
lo-3 76 24 0 0.27 
EJJrA•Fe (III) 10-6 H2D2 lo-3 96 4 0 0.04 
E-c3•Fe(III) 10-6 H2D2 lo-3 97 3 0 0.03 
MPE•Fe(III) lo-7 Phioa lo-s 67 33 0 0.40 
MPE•Fe(III) 1o-8 Phioa 1o-s 86 14 0 O.lS 
Form I pBR-322 (lo-5 M bp); MPE·Fe(III), EDTA•Fe(III), or E-C3•Fe(III); and 
buffer (40 rnM Tris·HCl, S rnM NaOAc, pH 7 .8) were combined and then H2D2 
PhiO was added. The reaction was at 22°C for 60 mins. a) PhiO is 
Iodosylbenzene. 
There are two possibilities for the activation of oxygen in the 
MPE•Fe(III)/H2D2 system. One is the formation of MPE•Fe(III)-D2-2 
(Scheme I, reverse of reaction 6), followed by o-o bond splitting to 
give iron bound oxygen as discussed earlier. Alternatively, H2C2 could 
act as a reducing agent for Fe(III) (reaction 17), and the resulting 
Fe(II) would react with another molecule of hydrogen peroxide in a 
Fenton reaction to produce •OH. Walling and coworkers90 ~ve studied 
the decomposition of H2D2 catalyzed by EDTA•Fe(III), and their results 
are consistent with an •OH radical chain mechanism. 
Groves has studied ferric ion mediated hydroxylation of organic 
compounds using iodosylbenzene (PhiO) as the oxidant.91 Using 
Fe(III)-porphyrins as catalysts, PhiO will hydroxylate unactivated C-H 
bonds. The most reasonable interpretation is that an Fe(V}-oxo (or 
or 
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Fe (IV) 0 + porphyrin cation radical) intermediate is the hydroxylating 
st:ecies. We have found that PhiO is relatively inefficient as an 
activating agent for MPE·Fe(III) (Table VI), although there was a slight 
enhancement compared to MPE•Fe(III) alone. This is not surprising 
since the ligand on MPE is not a porphyrin, and the formation of Fe(V)O 
is t.mlikely. 
Time Course. MPE·Fe (II) /D'IT was allowed to react with 
supercoiled pBR-322 and the reaction was stopped at various intervals in 
order to examine the rate of strand scission (Figure 9) • Cleavage 
increases linearly with time up to about 200 mins, and then the drug 
becanes inactive. Addition of roore D'IT at either 60 min or 120 min 
fails to reactivate the MPE·Fe(II), indicating that DTT is not the 
limiting factor. The localized production of hydroxyl radicals may be 
responsible for degradation of the EDTA moiety on MPE, resulting in drug 
inactivation. 
Ox - -
'!'he rate constant for this reaction has been determined, 2. 76 x 109 ~ 1 




Time course of the cleavage reaction. l0-5 M pBR-322 DNA 
was incubated at 22°C with lo-7 M MPE•Fe(II) and lo-3 M DTT 
in 10 rnM Tris•HCl, 50 rnM NaCl, pH 7 .4. At the indicated 
times, aliquots were removed and tenninated with 50 rnM 
desferrioxamine (Ciba-Geigy) followed by freezing in dry 
ice. Analysis was as described in the legend to Table I. 
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Effect of IH\ Concentration. McGhee and von Hippel have 
developed a theoretical model for the binding of molecules to DNA.71 
One consequence of their model is that at low DNA concentrations, less 
drug will be bound to the DNA. The amount of bound drug is also. 
dependent on the binding constant and binding site size of the drug, all 
of which are related by the following equation: 
r 1 - nr 
[ ] 
n-1 
LF = K(1 - nr) 1 - (n-1)r 
where r is the bound drug to DNA base pair ratio (binding density), Lp 
is the concentration of free drug, n is the binding site size, and K is 
the binding constant. This equation was used to calculate bound drug at 
three different DNA concentrations, assuming K and n to be the same for 
MPE•Fe(II) as they are for MPE•Ni(II) (1.5 x 105 Mrl and 2.1 bp, 
respectively). The cleavage efficiency at these DNA concentrations was 
determined (Table VII) • 
Table VII 
MPE• Fe (II) 
MPE•Fe(II) DNA per ~ FQtm 
cone. M cone. M DNA bp I II III s 
lo-9 lo-5 lo-4 42 58 0 0.87 
1o-a lo-4 lo-4 40 60 0 0.92 
lo-7 lo-3 lo-4 45 55 0 0.80 
1o-a 1o-s lo-3 0 94 6 5.7 
lo-7 lo-4 lo-3 0 95 5 5.2 
10-6 lo-3 lo-3 0 96 4 4.6 
Form I pBR-322, MPE•Fe(II), DTT (5 x lo-3 M) and buffer (10 mM Tris• 
HCl, 50 mM NaCl, pH7 .4) were allowed to react for 60 mins at 22°C. 
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Table VII illustrates that at constant drug to bp ratios, the 
strand scission is relatively independent of DNA concentration. 
Therefore it is probable that all of the MPE•Fe{II) is bound to _the 
plasmid throughout this DNA concentration range. However, the von 
Hippel-McGhee equation predicts that only 60% of the MPE•Fe{II) will be 
bound at lo-S M {bp} DNA, while > 99% will be bound at 1~-3 M (bp} DNA. 
Most likely the binding constant of MPE•Fe(II) to sypercoiled DNA is 
higher than 1.5 x lOS rwr-1, and all of the drug is bound even at lo-S M 
(bp} rnA. 
Effect of pi and Salt Concentratioo. MPE•Fe (II) was allowed to 
react with supercoiled DNA in the presence of 1 mM DTT at various pH 
values fran pH 4 to Iii 10 (r:l'able VIII, Fig. 10). The buffer used was a 
canbination of phosphate, citrate, and borate which has buffering 
capacity in the FB 4-10 range. While the optimum pH was 8.0, efficient 
cleavage occurred between pH 7 and pH 10. At pH values below 6.0, very 
little cleavage took place. One possible reason for decreased cleavage 
at low pH levels is a c~ti tion between hydrogen ions and Fe for the 
carboxylate ligands on MPE. 
The pH effect was further characterized in the physiological 
range of pH 7-8.6, using Tris buffer (Table IX) • 'Ihe optimun pH was 




MPE•Fe (II) % Form 
cone. M pH I II III s 
lo-7 4.0 95 5 0 0.05 
5.0 80 20 0 0.22 
6.0 48 52 0 0.74 
7.0 5 95 0 3.0 
8.0 0 93 7 6.4 
9.0 0 94 6 5.6 
10.0 5 95 0 3.0 
l0-8 4.J 94 6 0 0.06 
5.0 94 6 0 0.06 
6.0 88 12 0 0.13 
7.0 71 29 0 0.34 
8.0 59 41 0 0.53 
9.0 62 38 0 0.48 
10.0 66 34 0 0.41 
Form I pBR-322 (lo-5 M bp), MPE•Fe(II), DTT (lo-3 M), and buffer 
(20 rnM citrate, 20 rnM phosphate, 10 rnM borate at the indicated pH) were 




pH I II III s 
7.0 0 96 4 4.6 
7.2 0 96 4 4.7 
7.4 0 95 5 5.0 
7.6 0 96 4 4.5 
7.8 0 98 2 3.3 
8.0 0 98 2 3.3 
8.2 1 98 1 3.3 
8.4 1 98 1 3.3 
8.6 2 98 0 3.3 
Form I ~R-322 (lo-5 ~1 bp), MPE•Fe(II) (lo-8 M), 
DTT (lo-3 M) and buffer (10 rnM Tris•HCl, 50 rnM NaCl, 
at thS indicated pH) were allowed to react for 60 rnins 
at 22 c. 
The concentration of sodium ions was found to have little effect 
on the MPE·Fe(II)/DTT cleavage of DNA (Table X, Figure 11). 
Strand-scission was almost constant in the 5 rnM to 250 rnM range, falling 
off at higher sodium ion concentrations. At 1 M sodium, cleavage 
efficiency was one-third that found for the optimum ( 5 mM [Na+] ) • The 
cleavage was also lower at zero sodium ion concentration. 
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Figure 10 
Effect of pH on the cleavage reaction. l0-5 M bp pBR-322 
DNA was incubated at 22°C with (a) lo-8 M MPE•Fe(II), or (b) 
lo-7 M MPE•Fe(II) and lo-3 M DTT for 60 min. The buffer 
used was 20 mM citrate, 20 mM phosphate, 10 rnM borate at the 
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Figure 11 
Effect of sodium ion concentration on the cleavage reaction. 
lQ-5 M bp pBR-322 DNA was incubated at 22°C with lQ-7 M 
MPE•Fe(II) and 10-3M UIT for 60 min. The buffer used was 10 
mM Tris•HCl, pH 7 .4, and the indicated concentration of 
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Table X 
NaCl % Form 
cone. M I II III s 
0 0 88 12 8.1 
5 X l0-3 0 63 37 15.4 
1 lo-2 0 64 36 15.2 
5 X 10-2 0 68 32 14.1 
1 lo-1 0 70 30 13.5 
2.5 X 10-1 0 74 26 12.5 
t:: X 10-1 0 91 9 6.9 .,; 
1 0 95 5 5.2 
For.rn I pBR-322 (lo-S M bp), MPE•Fe(II) ( lo-7 M) , IJ.I'I' ( 10-3 M) and 
buffer (10 rnM Tris•HCl, pH 7 .4, .and the indicated NaCl 
concentration) were allowed to react for 60 mins at 22°C. 
If electrostatic interactions were important for the binding 
MPE·Fe(II) to DNA, then one would expect an larger salt effect on the 
cleavage efficiency. This conclusion follows from the theciry of 
Record,92 who has noted that the binding affinity of a ligand 1 Mt 
of 
(monovalent cation concentration) is related to the number of ion-pair 
interactions (n), and a charge density interaction ( ~ ): 
K = K1 [w]-n~ 
K1 is the binding affinity at 1 ~ and K is the binding affinity at 
another salt concentration. If we assume that cleavage efficiency is 
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directly related to binding affinity (all other things being equal) then 
K.oos/Kl is 15.4/5.2 or about 3 (Table X). In other words, the binding 
affinity at 5 mM salt is only three times that at 1 M salt, giving rise 
to a value of only 0.2 for n l.J;. This is expected since MPE•Fe(II) has 
zero net charge (+1 for ethidium moiety, +2 for ferrous ion, -3 for EDTA 
moiety), while MPE•Fe(III) has one net :fX)sitive charge. Since recycling 
between Fe(II) and Fe(III) occurs ~hen DTT is present, the average net 
charge of the drug would be expected to be between zero and one (and 
probably closer to zero), consistent with the value found for n l.J; of 0.2. 
This analysis is further complicated by the fact that the Na+ competes 
with Fe for the carboxylate ligands on MPE. Therefore it is difficult 
to precisely quantitate the electrostatic interaction between MPE•Fe and 
INA, but we can conclude that it is not very large. 
Effect of Other Metals. Although metal free MPE is capable of 
cleaving DNA in the presence of DTT (possibly due to trace metal 
contaminants), the addition of Fe(II) or Fe(III) greatly enhances the 
reaction. We examined the ability of other Iretals to enhance the 
cleavage reaction by MPE (Table XI). Of the metals tested, Cu(II) and 
Mn(II) had little effect, while CO(II), Mg(II), Ni(II), an9 Zn(II) 




.Added Metal I II III s 
None 51 49 0 0.68 
Fe(II) 0 58 42 16.6 
Fe (III) 0 54 46 17.5 
OJ (II) 64 36 0 0.45 
Mn(II) 65 35 0 0.43 
Co (II) 92 8 0 0.08 
Mg (II) 87 13 0 0.14 
Ni (II) 87 13 0 0.14 
Zn(II) 82 18 0 0·.19 
Form I ~~322 (lo-5 M bp), MPE (lo-7 M), metal ion (lo~7 M), 
orr (10-3M), and buffer (10 rnM Tris·HC16 50 rnM. NaCl, pH 7 .4) were allowed to react for 6 0 rnins at 22 c. 
These results further point to the importance of iron in the cleavage 
reaction by MPE. One may have expected that some other rre~l ions, 
particularly Cu, would also have been canpetent at activating oxygen and 
promoting strand scission. CU-phenanthroline cleaves DNA in the 
presence of thiols, and the formation of hydroxyl radicals by 
Fenton-type reactions with CU(I) have been suggested to be 
responsible.54,55 In the case of bleomycin it has been reported that 
the Cu(II) complex does not efficiently promote strand-scission, even in 
the presence of reducing agents capable of forming Cu(I) •BLM in ~.40 
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Most recent results, however, have indicated that Cu(I) ·BLM can cleave 
DNA, if the Cu is not added in excessive quantities.93 With regard to 
MPE, Table XI shows that same cleavage does occur in the presence of 
CU(II) or Mn(II) and DTI', but only at levels equal to or less than if no 
metal was added. Trace iron is probably responsible for these levels of 
DNA breakage. The inability of Cu and Mn to enhance cleavage may be a 
reflection of an inappropriate redox potential when these metals are 
chelated to MPE. 
Alkali-Lability of MPE•Fe(II) treated rEA. In addition to 
direct strand breakage, many agents which cause damage to DNA induce 
lesions in the sugar moiety which lead to breakage under alkaline 
conditions; these are referred to as alkali-labile sites. The •OH 
radicals produced by ionizing radiation have been reported to produce 
alkali-labile sites.58a,59 We investigated the possibility that 
MPE·Fe(II) also induces these lesions in DNA (Table XII). 
pBR-322 was cleaved with MPE·Fe (II), treated with sodium 
qydroxide or piperidine, and then analyzed by agarose gel 
electrophoresis. This post-reaction treatment resulted in denaturation 
of the DNA; form I (supercoiled) DNA went to denatured form I, and form 
II (open-circular, nicked) DNA went to single-stranded open circular and 
single-stranded linear molecules. After the treatment with base, the 
solution was neutralized. The form I DNA quickly renatured, while the 
other fragments remained single-stranded. When analyzed by gel 
electrophoresis, these single-stranded fragments do not stain well with 
ethidium bromide. Therefore, scission was quantitated by comparing the 
amount of form I DNA remaining relative to an adjacent control lane, 
containing unreacted starting hlaterial. 
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Table XII 
Post-reaction % Form I 
Treatment Ranaining s 
none 46 0.78 
30 mM NaCH, 65°C, 30 min 48 0.73 
1 M Piperidine, 90°C, 30 mtn 42 0.87 
30 mM NaCl, 65°C, 30 min 45 0.80 
Form I pBR-322 (lo-5 M bp), MPE•Fe(II) (lo-7 M) and buffer (10 mM 
Tris•HCl, 50 mM NaCl, pH 7 .4) were allowed to react for 60 mins at 22°C 
(total volune 40 1-JL). '!he reaction was divided into 4 equal portions 
and each was treated as noted. The solutions were neutralized with 0.5 
M HCl, and then electrophoresed on agarose as described. A control lane 
containing 10 wL of form I pBR-322 (lo-S M) was run as a standard (taken 
as 100%) to calculate the percent form I remaining in each experiment. 
The results indicate that there are no sites produced which are 
labile to 30 rct-1 NaOH (pH 12.5) or 1 M piperidine. 'Ihese conditions are 
strong enough to catalyze the cleavage of depurinated DNA and other 
alkali-labile bonds.94 The absence of these lesions has irrplications on 
the organic reaction mechanism of MPE•Fe(II) induced cleavage, which 
will be discussed later in the section on cleavage products. 
Sequence ~ificity of the mA Cleavage Reactim. . The DNA 
binding portion of MPE, methidium, is an intercalator of low overall 
base composition specificity.65c,d,95 However, a preference for binding 
to (3'-5')pyrimidine-purine sequences compared to 
(3'-5') purine-pyrimidine sequences in deoxyribonucleotides has been 
established for ethidium,96 as well as a preference for certain 
conformations of double-helical DNA. 97 We wondered if the cleavage of 
DNA by MPE•Fe(II) occurs preferentially at specific base sequences or 
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DNA conformations. 
In order to answer this question, linear DNA restriction 
fragments labeled with 32p at the 3 '-ends were used as substrates for 
strand-scission b¥ MPE•Fe(II). The DNA fragments from this reaction 
were frozen, lyophilized, denatured in formarnide at 90°C, and 
electrophoresed on a high resolution denaturing polyac~lamide gel 
capable of resolving DNA fragments differing in length by one 
3' 5' 3' 5' 
~ 
~ 
* * SEQUENCING GEL 
nucleotide. Each specifically located strand-scission gives rise to one 
uniquely-sized radioactive DNA fragment, which appears as ~ single band 
on an autoradiogram of the gel. Random strand-scission results in a set 
of radioactive DNA fragments which differ from one another by one base 
pair. These appear as a uniform ladder of bands on the autoradiogram. 
The MPE•Fe(II) cleavage reaction results in a uniform pattern of 
bands, indicating relatively non-sequence specific cleavage (Figure 12) • 
On certain DNA fragments, the pattern observed is not as completely 
uniform as that shown in Figure 12. We have concluded that MPE•Fe(II) 
-66-
has a slight base sequence bias against regions rich in AT base pairs. 
This bias will be evident in subsequent gels (Figures 14, 17 and 18). 
Figure 12 also shows the pattern of bands produced by the 
antibiotic bleamycin•Fe(II). Bleaffiycin has a two base pair recognition 
site, and cleaves DNA at 5'-~3' or 5'-GC-3' base sequences.30a,44 For 
comparison, a lane illustrating the cleavage specificity of DNAse I is 
also included. DNAse I is a nuclease which is relatively non-specific; 
however it is known to be sensitive to DNA structure.98 Although it 
does cleave at every base pair, the ladder is far from unifor.m as 
certain sites are preferred over others. Finally, Figure 12 illustrates 
the cleavage specificity of a reagent with a one base pair recognition 
site, dimethyl sulfate. This reagent alkylates guanine, rendering the 
site labile to cleavage by piperidine in what is referred to as the 
Maxam-Gilbert G reaction.99 
These experiments address the question of base sequence 
specificity, but ethidium has also been postulated to exhibit a 
preference for certain conformations of double helical DNA.97 Yielding 
and coworkerslOO studied this phenomenon using an ethidium .analog, 
monoazido ethidium, which covalently binds to DNA upon photoactivation. 
They found that at low drug concentrations (drug to nucleotide ratios 
ranging from 1:100 to 1:8000), covalent attachment of rnonoazido ethidium 
to PB~322 plasmids resulted in a blockage of specific restriction 
sites. All of the sites had the same base sequence [d(GOGC)], and they 




Examples of different cleavage specificities. 3'-end 
labeled DNA fragments (L 104 cpm) and sonicated calf thymus 
DNA (total DNA concentration was 100 ~M bp) were incubated 
with: lane 1, 100 ~ bleanycin•Fe(II); lane 2, Maxarn-Gilbert 
G reaction99; lane 3, 10 ~M MPE•Fe(II) and 1 rnM DTT; lane 4, 
5 lkJ/rnl DNAse I. The buffer was 10 rnM Tris·HCl, 50 rnM NaCl, 
pH 7.4. Polyacrylamide gel electrophoresis and 
autoradiography are described in the Experimental Section. 
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Figure 13 
10-5 M bp pBR-322 was incubated for 60 min at 22°C with 10-7 
M MPE•Fe(II) and: Lane 1, 0.5 mM sodium ascorbate (asc); 2, 
1 mM asc; 3, 2 mM asc; 4, 5 mM asc; 5, 10 mM asc. 
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If there are regions on pBR-322 plasmid DNA that are targets for 
selective binding of monoazido ethidium, then one might expect that they 
might also preferentially bind MPE. These conformational hot-spots 
would be cleaved more often than the rest of the plasmid, giving rise to 
patterns on a gel. However we find that MPE•Fe{II)/ascorbate induced 
cleavage of whole pB~322 plasmids results in a completely uniform 
streak on a gel, with no evidence of specific bands or patterns {Figure 
13). The drug to nucleotide ratio was 1:200, within the range used in 
the monoazido ethidiurn experiments. The lack of any patterns found with 
MPE•Fe{II) is probably because the degree of conformational specificity 
is too low to be picked up on an agarose gel. The photoaffinity 
labeling technique of Yielding is more sensitive, and can detect high 
affinity ethidium sites at very low binding densities. Alternatively, 
Yielding's experiment is detecting specificity in the photoactivated 
covalent bond formation reaction, not in the non-covalent ethidium 
binding, and our results are more indicative of the true conformational 
specificity. 
MPE•Fe(II) Fooqprinting.lOl Many small molecules, such as 
drugs useful in antibiotic, antiviral, and antitumor chernot~erapy bind 
double helical nucleic acid in a sequence specific fashion at sites 
typically two to four base pairs in size.S Small molecules such as 
bleomycin chemically modify DNA, which allows identification of specific 
binding sites on heterogeneous DNA from DNA cleavage patterns on 
Maxam-Gilbert sequencing gels.30a,44 However, many DNA binding 
molecules do not modify nucleic acids and our understanding of their 
sequence preferences has been limited to comparison of binding isotherms 
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obtained by spectrophotanetr ic analyses of drug binding to hanopolymer 
and copolymer nucleic acids.s 
In the case of protein-DNA binding specificity, one useful 
method for determining the locations and sizes of binding sites on DNA 
is DNAse I footprinting, which combines DNAse I cleavage of 
protein-protected DNA fragments and Max~Gilbert sequencing gel 
methods.2 This technique relies on the relatively low specificity of 
DNAse I in a partial digestion and the ability of DNA-bound protein to 
prevent cleavage of the DNA backbone between the base pairs it covers. 
The protein-protected DNA sequence is expressed as a gap in the 
sequencing ladder seen in the autoradiogram of a Maxam-Gilbert gel, 
revealing the position and extent of the protein binding site. 
3' 5' 





MPE•Fe(II) is a DNA cleaving reagent with lower sequence 
specificity than DNAse I (Figure 12). In effect, MPE•Fe(II) is a small 
synthetic scissor for DNA and, because of its size, might be a useful 
tool for probing the locations and size of binding sites of drugs on 
naturally occurring DNA. Van Dyke and Dervan have used MPE·Fe(II) as a 
footprinting tool to deter.mine the binding sites of actinomycin, 
netropsin, distamycin, chromomycin, rnithramycin, and olivomycin on some 
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DNA restriction fragments.S An example of the utility of this technique 
is presented in Figures 14-16.101 
The autoradiogram shewn in Figure 14 reveals that the 
antibiotics, antiviral, anti ttmor drugs chr ananycin ( chr.) , mi thr art¥Cin 
(mit.) and olivamycin (olv.) afford DNA cleavage inhibition patterns in 
the presence of MPE•Fe(II). The densitaneter traces of the cleavage 
inhibition patterns for the three drugs are used to detennine the 
locations of the binding sites (Figure 15) • The drug-protected regions 
for the three antibiotics on 70 base pairs of complementary strands of 
DNA are shown in Figure 16. <::pposi te strand analysis in this case, and 
in the case of dist~cin and actin~cin has demonstrated that the 
footprints are ~tric, shifted at least one base pair to the 3' side 




DNA cleavage inhibi tion pattern 
Applying this model to the case of chromomycin reveals the following 
preferred chranomycin binding sites: 
I I 3 3 2 3 2 ' 
GGCAICC dCAG~TAICAC:r TT AT:Gcr!rccGG2rc G TA TAATGTGT'GGAtATTGTGAGiCGG:AT AACAATTT 3'168bp 
117 bp3' C C G r :G GGiG T CC GAlA A TG TG:AAAT AjC G AI.AG GIC C GAG CAT ATT AC A CAlC C T'T AAC ACT C!GC C;T AT TGT T AAA 




Autoradiogram of DNA cleavage inhibition patterns for 
chromomycin, mithramycin, and olivomycin on 117 and 168 base 
pair fragments of pBR-322, taken fran Van Dyke and Dervan.8c 
Lanes 1-11 (117 bp fragment) and 13-23 (168 bp fragment) 
have a 10 'f-1£ final voltmle, each containing 10 mM Tris•HCl 
(pH 7 .4), 50 mM NaCl, 1.1 nM NH40Ac, 0.18 rnM IDrA, 4 rnM orr, 
100 ~ bp DNA (end-labeled fragment and calf thymus 
carrier), and 10 ~ MPE•Fe(II). Lanes 12 and 24 are the 
Ma~Gilbert G reactions on the 117 and 168 bp fragments, 
respectively. lanes 1 and 13 are intact buffered DNA. 
Lanes 2 and 14 are the MPE·Fe(II) cleavage controls. Lanes 
3-5 and 15-17 contain 6.3, 25, and 100 'f.lM chramomycin (chr.) 
respectively. lanes 6-8 and 18-20 contain 6.3, 25, and 100 
'f.lM mithramycin (mit.), respectively. Lanes 9-11 and 21-23 
contain 6.3, 25, and 100 'f.lM olivomycin (olv.), 
respectively. Each reaction containing chr., mit., or olv. 
contains a two-fold molar excess of Mg(II). 
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LANE 23 OLI VOMYCIN 
LANE 14 MPE · ~Inl CONTROL 
Figure 15 
Densitometer scans of DNA cleavage inhibition patterns, 
taken fran Van Dyke and Dervan. 8c Left to right correSJ:X)nds 
to the bottan of the gel autoradiogram to the arrow shown in 
Figure 14. Valleys are drug-protected regions fran 
MPE·Fe(II) cleavage. 
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6.3 f'-m Chromomycin A3 ... ..... . 
GGC ACC C CAGG C TTT AC ACT TT ATGCT TCCGG CTC G TAT AATG TG TGGA ATTG TGAG CGGAT AAC AATTT 3'168 op 
117bp3' CC G TG GG G T CC GAAA TG TGAAAT ACGAAGGC C GAG CAT A TT ACACAC C TT AACAC TCGC CT AT TGT T AAA 
~~ 
2 5 f'-m Chromomycin A3 
~~ .......... ~ 
GGCACC C CAGG C TTTAC ACT TT AT GCT T CCG G CTC G TAT AA T G TG T GGAAT TG TGAG CGGA T AACAA TTT 3'1 68 bp 
11 7bp3' CC G T G GGG TC C GAAA TG TGAAAT AC GAAGG C C GAGC AT ATT t\CACAC C T T AACAC TCG C CT AT TGT T AAA 
~.._,. ~ ~ 
100 f'-m Chromomycin A3 
~..&.- ~~ ~ ~ 
GGC ACC C CAGG C TTT AC ACT TT AT GC T T CCG G CTC G TAT AATG TG T GGAAT TG TGAG CGGAT AACAATTT 3'1 68 op 
117 bp 3' C CG T G GG G T CC GAAATG TG AAAT AC G AAG GC C GAGCAT ATT AC AC AC C T T AACAC T CGCCT AT TGT T AAA 
~~ .... ~~ u ~ 
Mithromycin 
~· ..... ~ ~ GGCAC CCC AGGCTTTACACTTTATGCTTCCGGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAATTT 
CCGT GG GGTCCGAAATGTGAAATACGAAGGCCGAGCATATTACACACCTTAACACTCGCCTATTGTTAAA ..,.. ~ ~ ~ ...._,. 11 7bp3' 
t 
Olivomyc'n 
~~~......-..~ . ~ 
G G C A C C C C A G G C T T T A C ACT T TAT G C T T C C G G C T C G TAT A AT G T G T G G A AT T G T GAG C G GAT A A C A AT T T 3' 16 8 Op 
11 7 b p 3' C C G T G G G G T C C G A A A T G T G A A A T A C G A A G G C C G A G C A T AT T A C ~ C ~ •: ': T T A A C A C T C G C C T A T T G T T A A A 
..., .... ~ "'IIIIIF~ ~ 
· Figure 16 
Illustrations of drug-protected regions (black areas) from 
MPE•Fe(II)cleavage on 70 base pairs of complementary strands 
of DNA, taken fran Van Dyke and Dervan.8c A:!rCMs indicate 
the bottom of the gel autoradiogram for each strand (Figure 
14) • 
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Since the binding constant of MPE•Fe(II) to DNA has been 
estimated, the footprinting technique can be used to quantitate the 
binding of small molecules to tarticular sites on native DNA. In order 
to oo this, certain assumptions nust be made: 1) we assume that . 
MPE•Fe(II) binds to all sites on DNA equally, with a similar affinity as 
MPE•Ni(II) (1.5 x lOS Mrl) or MPE•Mg(II) (1.2 x 105 Mrl); 2) we assume 
that in the presence of an inhibiting drug, MPE binds to a particular 
site in a competitive binding mode based on the binding constants of MPE 
and the inhibiting drug to that site; and 3) the decreased concentration 
of MPE•Fe(II) on a particular site (due to the competition with the 
inhibiting drug) is directly related to the decrease in cleavage 
(footprint) at that site. For the competitive binding of two different 
dyes, D1 and D2, at the same sites on a nucleic acid with binding 
constants, K1 and K2, the following equation applies:65c 
rl Kl 
Dl (1 + K2D2) (n - rl) 
( 1) 
where r1 is the bound dye (Dl) per base pair and n is the number of 
binding sites. This is a variation of the well known Scatchard 
equation:70 
r/D = K(n-r) (2) 
where D is the concentration of free drug. Although these equations do 
not strictly apply to MPE•Fe(II) because of nearest neighbor exclusion 
they are reasonably close approximations. 
we will use MPE•Fe(II) as D1 and the inhibiting drug as D2. 
Fran assumption number 3, we can state that: 
where If is the intensity of the band (extent of cleavage) within a 
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footprint and I is the intensity of the band outside the footprint 
{extent of cleavage when MPE has nothing to compete with); r1 is the 
bound MPE•Fe{II) wren it has to campete for a site {defined by eq. 1) 
and r is the bound MPE • Fe {I I) when it does not have to campete (defined 
by eq. 2) • Solving for r1/r and rearranging terms, we arrive at the 
following equation: 
- = - = -------




+ K2 D2 
An example of how this equation works when evaluating footprints 
follows. Since we are discussing the competition for a particular site, 
and there are many sites, we may assume that the concentrations of free 
drug {Dl and D2) are equal to the concentrations of drug added to the 
reaction. In the footprinting gel shown in Figure 14, the concentration 
of inhibiting drug is 2.5 x- lo-5 M (in lanes 4,7,10,16,19 and 22) and 
the concentration of MPE•Fe{II) is lo-5 M. The If/I ratio is ~ 0.2 for 
most of the footprints in these lanes. Using a value of 1 x 105 for K1, 
we calculate a minimum value of 3.2 x 105 for K2 to these sites. Now in 
lanes 3,6,9,15,18 and 21 in Figure 14, where the inhibiting drug 
concentration is only 6.3 x lo-6 M, there are no intense footprints. 
This is consistent with the calculated If/I ratio of 0.5 {using K2 = 3.2 
x 105). Finally, raising the concentration of inhibiting drug to lo-4 M 
(as in lanes 5,8,11,17,20, and 23) lowers the If/I ratio to 0.06, giving 
rise to intense footprints. 
MPE•Fe{II) footprinting is a rapid technique for assaying 
hundreds of potential DNA binding sites for antibiotics on one gel. 
This direct method should prove useful for identifying the relative 
affinities of multiple binding sites of other small melecules on the 
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native nucleic acid template which will be necessa~ for any 
understanding of the molecular basis of drug action for DNA binding 
molecules. 
Cleavage of Cbraaatin with MPE•Fe{II) • Chromatin is the canplex 
of DNA and protein in the nucleus of cells. It consists of basic 
structural subunits called nucleosomes, which ex>ntain 200 base pairs of 
DNA and an octamer of histone proteins. It has been pertinent to ask 
whether or not specific nucleosame positioning on the euka~otic genome 
is a functional requirement. Numerous studies arguing for a specific, 
or, conversely, for a random distribution of nucleosomes have been 
reported, and these have been reviewed.l02 Many of these experiments 
have utilized micrococcal nuclease for the generation of nucleosamal 
arrays. The DNA is purified subsequent to nuclear digestion and the 
cleavage sites are mapped by reference to well-characterized restriction 
sites. Unfortunately, micrococcal nuclease has a marked sequence 
preference and introduces cleavages into purified DNA at quite specific 
and reproducible positions.l03 In some cases these occur at exactly the 
same sites in chromatin, leading to uncertainty ex>ncerning which 
cleavages are chromatin specific and which are micrococcal nuclease 
specific. 
MPE ·Fe (I I) cleaves DNA with lCM sequence specificity, and will 
efficiently introduce a regular series of single-strand (and same 
double-strand) scissions in chromatin DNA.l04 The nucleosornal products 
generated are similar in size to those from micrococcal nuclease 
digestion and appear to be due to highly preferential cleavage in linker 
DNA. An example of chromatin structure analysis using MPE·Fe(II) is 
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Figure 17 
A canparison of MPE·Fe(II) (lanes 1-6) and micrococcal 
nuclease (lanes 7 and 8) digestion of chromatin (lanes 3-7) 
and purified DNA (lanes 1,2, and 8) .104 Chromatin samples 
in lanes 3,4, and 5 were treated with Sl nuclease subsequent 






lQ-5 M MPE·Fe(II), 0.5 mM H202, 1 mM DrT, 4 min. 
Same as lane 1, 1 min. 
5 x 10-6M MPE•Fe(II), 
5 x lQ-6 M MPE•Fe(II), 
2 x lQ-5 M MPE•Fe(II), 
0 .5 mM H202, 5 min. 
10 min. 
0 • 5 mM H2D2 , 1 Jtit1 IDI'A, 
o .1 mM mrA, 7.5 min. 
6) 5 x 10-6 M MPE•Fe(II), 0.5 mM H202r 5 min. 
7) 8.8 u/rnl micrococcal nuclease, 3 min. 
8) 12 u/rnl micrococcal nuclease, 1 min. 
All DNA samples were completely digested with Bgl II, and 
4 ~g samples were subjected to electrophoresis on a 1.6% 
agarose gel, blotted to nitrocellulose, and hybridized to 
the small Bgl II/Bam Hl fragment of B5, all as described.l04 
M, pB~322 size· markers. 
-82-







illustrated in Figure 17. 
The histone gene sequences of Drosqphila melanogaster chromatin 
were subjected to MPE•Fe{II) or micrococcal nuclease digestion, followed 
by cleavage with the restriction enzyme Bgl II and analysis by gel 
electrophoresis. The indirect labeling techniquel05 using a probe from 
within the Hl gene allows the sites of cleavage to be mapped {mapping is 
shown fran the Bgl II site; Figure 17). The data demonstrate an 
identical pattern of cleavage sites at approximately 190 bp intervals 
for chromatin in the Hl-H3 spacer for both MPE•Fe{II) and micrococcal 
nuclease. In addition, MPE•Fe{II) responds to some features of the 
specific chromatin structure that are probably not related in a direct 
way to nucleosome placement- e.g., the hypersensitive sites at the 5' 
ends of the genes, previously detected with DNAse I.l06 Finally, there 
are two regularly spaced (155-bp) sites in the Hl gene immediately 
distal to the 5' hypersensitive region, which may represent a compact 
nucleosame spacing or may be a manifestation of same other for.m of 
protein-DNA interactions. 
The comparison between the protein-free DNA controls for the two 
reagents {Figure 17; lanes 1,2, and 8) reveals sane interest.ing 
features. Both reagents exhibit specific patterns, but MPE•Fe{II) has 
much less distinct sequence preferences than micrococcal nuclease. In 
particular, in regions other than in the Hl-H3 spacer, the nuclease 
cleavage sites are similar for chromatin and protein-free DNA, both in 
intensity and location. This is not true for ~~E·Fe{II) cleavage sites. 
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It seems apparent that MPE•Fe(II) will be a very useful reagent 
for analysis of chromatin structure. In addition to the genetic locus 
described above, it has been used to probe the 1.688 g/~ complex 
satellite and SS ribosomal RNA gene sequences of Drosophila melaoogaster 
chramatin.l04 At the present level of resolution MPE•Fe{II) appears to 
provide more definitive data than micrococcal nuclease on nucleosame 
distributions across the loci examined. Other features of the 
protein-DNA interaction are also revealed. 
DNA Affinity Cleaving.lll The cleavage efficiency of MPE•Fe(II) 
demonstrates that attachment of EDTA•Fe{II) to a DNA binding molecule 
creates a DNA cleaving molecule. The relative sequence neutrality of 
MPE•Fe{II) cleavage is most likely a reflection of the binding 
characteristics of rnethidiurn. These facts suggest that a sequence 
specific DNA cleaving molecule could be constructed by attachment of 
EDTA•Fe(II) to a sequence specific DNA binding molecule. Schultz, 
Taylor, and Dervanl07,108 confirmed the validity of this concept by 
~thesizing distamycin-EDTA•Fe(II) (DE•Fe(II)) and 
EDTArdistamycin•Fe(II) {ED•Fe{II)). 
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The antibiotic distamycin is an oligopeptide containing three 
N-rrethylpyrrolecarboxamides that binds in the minor groove o~ double 
helical DNA with a strong preference for A+T rich regions8a,b,d,l09 and 
a binding site size of five base pairs.l08 The sequence specificity of 
distaiT¥cin binding presunably results fran hydrogen bonding between the 
amide N-H's of the antibiotic and the 0(2) of thymine and the N(3) of 
adenine.llO DE•Fe(II) and ED•Fe(II) are N-methylpyrrole tripeptides 
with IDrA attached to the amino and carboxy terminus, respectively. In 
the presence of ~ and IJIT, DE•Fe(II) and ED•Fe(II) cleave OOA sequence 
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specifically.l07,108 
A high resolution gel autoradiogram demonstrating the sequence 
specificity of DE•Fe(II) is shown in Figure 18.111 An end-labeled 
restriction fragment (381 bp) was allowed to react with MPE•Fe(II), 
DE•Fe(II), or for comparison, with distamycin and MPE•Fe(II) to generate 
footprints of distamycin binding sites. MPE•Fe(II) shows a relatively 
uniform pattern, with a slight bias against regions rich in AT base 
pairs. In contrast, the DNA cleavage patterns generated b¥ DE•Fe(II) 
are confined to highly localized sites. '!hey cover four base pairs and 
occur on ooth sides of a five base pair A+T binding site. MPE•Fe(II) 
footprinting of distamycin on this same DNA fragment reveals two 
asymmetric footprints, one of which is in the same location as the 
DE•Fe(II) cleavage site. 
The appearance of common binding location and binding site sizes 
suggests that attachment of EDTA•Fe(II) to distamcyin or the presence of 
bound MPE•Fe(II) for footprinting does not greatly alter the 
N-methylpyrrolecarboxamide binding specificity at toose sites. However, 
MPE·Fe(II) footprinting does reveal additional binding sites for 
distamycin than affinity cleaving at s~ilar binding densities. This 
result suggests that EDTA•Fe(II) attachment is not without influence; it 
may change the overall affinities of peptides for different sites on DNA 
due to increased steric or electrostatic interactions. 
A histogram corresponding to the DE•Fe(II) cleavage pattern is 
shown in Figure 19. Arrows represent the extent of cleavage resulting 
fran removal of the indicated base. There are three to five strand 
scissions flanking the DE•Fe(II) binding site. This may reflect 
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Figure 18 
Autoradiogram of high resolution denaturing gel using a 381 
bp DNA fragment, taken fran Schultz and Dervan.lll Lanes 
1,3,5, and 7 are 3' end labeled DNA fragments; lanes 2,4,6, 
and 8 are 5' end labeled DNA fragments. Lanes 1,2: 
Maxam-Gilbert G reactions; Lanes 3,4: MPE·Fe(II), 3 x 10-6 
M; Lanes- 5,6: DE·Fe(II), 1 x lo-S M; Lanes 7,8: distamycin 1 
x 10-S M, MPE•Fe(II) 5 x 10-6 M. All reactions are >10000 
cpm [32p] DNA, made up to lo-4 M bp DNA with sonicated calf 
thymus DNA in 40 rrM Tr is base, pH 7 • 9 , 5 mM NaQAc; 1 rrM u.rr. 
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multiple overlapping binding modes of the oligopeptide, such as sliding 
one to two base pairs within the site. Data in the literature suggest 
that the formation of a long-lived distamycin-DNA complex follows the 
association and dissociation of short-lived low specificity complexes. 
In these experiments, the DE•Fe(II) was equilibrated with the DNA for 
one hr at 370C prior to initiating cleavage with DTT. Therefore, it is 
likely that the drug-DNA complex which causes cleavage is stable and 
long-lived. If so, then the multiple strand scissions reflect the 
generation of a diffusible hydroxyl radical at same average position of 
the EIY.I'A·Fe (II) complex. These radicals could diffuse as far as two 
base pairs in either direction before reacting with either a deoxyribose 
moiety, a component of the reaction mixture, or a drug molecule. The 
DNA termini produced by DE•Fe(II), MPE•Fe(II), or EDTA•Fe(II) cleavage 
are consistent with this interpretation, and will be discussed in more 
detail in the section on products of the cleavage reaction. 
Cleavage of RNA. Ethidilml bromide is capable of binding to 
double-helical RNA,l12 which raises the question of whether MPE•Fe(II) 
can cleave RNA. The antibiotic bleomycin is incapable of this 
reaction, 113 and in fact only degrades the DNA strand of an .RNA-DNA 
hybrid.ll4 This indicates that the secondary structural configuration 
is not responsible for the DNA-specificity of bleomycin. Rather, it 
seems that the deoxyribose moiety is a necessity for bleomycin cleavage. 
we first investigated the ability of exogenous RNA to inhibit 




RNA Added I II III s 
None 0 95 5 5.2 
lQ-3 M tRNA-Glu 0 95 5 5.2 
lQ-3 M polyA•polyU 32 68 0 1.14 
lo-3 M ss rRNA 0 98 2 3.3 
Form I pBR-322 (lo-S M bp), MPE (lQ-7 M), Fe(II) (lo-7 M), 
RNA, DTI' ( 10-3 M) and buffer ( 40 mM Tr is· HCl, 5 niw1 NaOAc, 
7.8) were allowed to react at 37oc for 60 rnins. 
Of these three RNA's tested, only the synthetic homopolymer, 
polyA•polyU, was effective at inhibition. This indicates that 
pH 
polyA·polyU is capable of binding MPE•Fe(II), thereby diluting the 
effective drug concentration available for binding to and cleaving the 
plasmid DNA. The other types of RNA's, transfer RNA and SS ribosomal 
RNA, did not appreciably inhibit the cleavage reaction indicating that 
they bind MPE•Fe(II) poorly. 
The ability of MPE•Fe(II) to cleave polyA•polyU was tested using 
gel electrophoresis. PolyA RNA covering a narrow size range (200-240 
bp) was annealed to high molecular weight polyU RNA, subjected to 
MPE•Fe(II)/IJIT cleavage, and analyzed by 8% polyacrylamide denaturing 
gel electrophoresis. Both the starting material and reaction product 
streaked out on the gel. However, the MPE•Fe(II)-reacted RNA was of 
noticeably smaller molecular weight, moving further down the gel. 'Ihe 
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drug:nucleotide ratio used was 1:25. Lowering the drug binding density 
to 1:250 resulted in very little cleavage. Single-stranded polyA RNA 
was also cleaved by MPE•Fe(II), with a slightly lower efficiency. 
These experiments represent an initial study simply to d~ter:mine 
if RNA is a substrate for MPE•Fe(II). More detailed experiments using 
end-labeled RNA would reveal additional characteristics of this cleavage 
reaction, including any sequence, conformational, or structural 
specificity. It is conceivable that MPE·Fe(II) could be used as a prct>e 
for RNA structure in various applications such as ribosanes, tRNA, and 
RNA splicing. In addition, the interaction between proteins and RNA 
could be probed in footprinting type experiments. Ribonucleases such as 
RNAse H, RNAse III, and RNAse Tl have been used as probes for various 
structural interactions involving RNA, and MPE•Fe(II) could conceivably 
be added to this arsenal of molecular probes. 
Prodlcts of the Cleavage Reactioo of MI?E•Fe(II) with mA 
· Base Release. 'Ihe production of UV absorbing, non-polymeric 
products fran the cleavage reaction of DNA by MPE•Fe(II) was examined by 
using reverse-phase HPLC. Four praninent peaks are evident in the 
chranatogram (Figure 20a) • The peaks which appear near the void volume 
are due to small oligonucleotides which were not ranoved by ethanol 
precipitation. The four compounds were identified as cytosine, guanine, 
t~ne, and adenine (in order of elution) based on their retention 
times relative to authentic samples. These products were collected off 
of the HPLC and their identity was confirmed by co-migration with 
authentic standards on thin layer chromatography. 
For comparison, a ble~cin•Fe(II) digest of DNA was analyzed in 
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the same way (Figure 20b). Eight UV absorbing products were resolved, 
analogous to the eight products previously resolved by thin layer 
chramatography.49 Compounds 1-4 were identified as the four nucleotide 
bases as before. Can{X)unds 5-8 were collected off of the HPLC and each 
was reacted with thiobarbituric acid (TBA) to form a chrornophore which 
displays an absorbance maximum of 532 run. '!bin layer chranatography 
analysis indicated that these canJ;X>unds are the N-propenal derivatiPes 












'!be addition of DTT has been shown to enhance the cleavage 
efficiency MPE•Fe(II). Product analysis of an MPE•Fe(II)/DTT reaction 
showed that the same four bases were released, but in higher yield. No 
other products were seen, with the exception of a peak at 14 min which 
was shown by co-injection to be the cyclic disulfide product of DTT 
oxidation. Examination of a bleamycin•Fe(II)/DTT reaction revealed an 
increase in the yield of free bases, but an absence of base 
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Figure 20 
HPLC analysis of cleavage reactions. Reaction mixtures 
contained 950 J.lM (bp) sonicated calf thymus DNA, 50 J.lM (bp) 
bacteriophage A[3H] DNA and (a) 500 J.lM MPE•Fe(II) or (b) 
500 ]J M bleanycin•Fe(II). After 30 min at 22°C the DNA was 
ethanol precipitated and the supernatant chrarnatographed as 
described in the Experimental Section. 
-95-




b) BLEOMYCIN· Fe (II) 
c T 
0 5 . 0 10.0 15.0 20.0 
Retention Time ( mins) 
-96-
propenals. S -~rcaptoethanol has been shown to react with base 
propenals49and this most likely occurs with DTT as well. 
The MPE cleavage reaction can also be activated with Fe{III) and 
H202· Product analysis of an MPE•Fe{III)/H202 reaction revealed· that 
the four bases are released, in addition to five new products which were 
present in smaller amounts. Treatment of a 5 x lQ-7 M standard solution 
of the four nucleotide bases with MPE·Fe{III)/H202 gave the same five 
products. Therefore, activation of MPE with Fe(III)/H202 results in 
base release from DNA and subsequent partial degradation of the free 
bases. 
stoichiaDetcy of Base Release. The HPLC analysis allowed 
precise quantitation of the amounts of the four bases released. The 
number of single strand scissions was simultaneously assayed by 
measuring the decrease in the single strand molecular weight of the DNA. 
After cleavage by MPE•Fe(II) or bleomycin•Fe(II), the DNA was ethanol · 
precipitated, denatured with glyoxal and DMSO, and electrophoresed on 
1.2% agarose gels next to oligonucleotide size standards. These 
denaturation conditions were shown not to introduce any additional 
strand scissions. 
Figure 21 shows the single-stranded molecular weight 
distribution of bacteriophage \[3H]DNA after cleavage with MPE•Fe(II). 
The curve matches the theoretical molecular weight distribution 
generated from the equations of Freifelder and Davison for the random 
degradation of a polymer .115 These data were used to determine the 
weight average molecular weight of the degraded DNA, which leads to the 
mean number of single-strand scissions per strand (see Experimental for 
-97-
equations) • 
'!he total number of nucleotide bases released fran DNA by 
MPE•Fe(II) was shown to be stoichiometric with single strand scission 
(Table xnn. The adenine:thymine and guanine:cytosine ratios were 
approximately one to one. Since MPE has been shown to cleave DNA with 
low sequence specificity8 there should be no preferential release of any 
given base. The A+T:G+C ratio found agrees favorably with literature 
values for calf thymus DNA.ll6 
When bleanycin•Fe(II) reacts with DNA, both free l::ases and base 
propenals are released. The amounts of the four bases released are 
shown in Table XIV. As re};Orted previously, thymine accounts for about 
half of the free bases.ll7 The quantity of base propenal was 
simultaneously assayed by rn~1s of an intensely colored product formed 
after reaction with 'IBA. We have confirmed that ble<:>~eycin-induced DNA 
strand scission is stoichiometric with base propenal production,SOb 
using our assay for strand scission and the TBA assay for base propenal 
(Table XIV) • 
The stoichiometry of base release by MPE•Fe(II) shows that 
thymine, adenine, cytosine, and guanine were produced in amounts which 
indicate that each strand scission event leads to the release of free 
base. Since these bases were not degraded under the normal cleavage 
conditions, we can conclude that strand scission results from attack on 
the deoxyribose ring and not on the base. Furthermore, the equivalent 
production of all four bases in contrast to the bleanycin reaction, 
supports the relatively low base composition specificity of MPE•Fe(II) 










Single-Stranded Length (nucleotides) 
Figure 21 
The reaction mixture from Figure 20a was ethanol 
precipitated; the DNA was denatured and electrophoresed on 
1.2% agarose next to molecular weight size standards. The 
gel was cut into 1 mm slices, and the radioactivity of each 
slice was detennined. '!he number of molecules in each slice 
is plotted against the rolecular weight represented by that 
slice (determined by canparing its migration distance to the 
trolecular weight standards) • The experimental rolecular 
weight distribution (••••) is compared to the theoretical 
trolecular weight distribution (--) assuming a randan 
degradation process.llS 
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J.LM free bases J.LM A+T single 
Conditions c G T A Total strand G+C cleavage 
500 fL M MPE ·Fe (]I) 0.64 0.68 0.98 1.10 3.40 3.20 1.58 
500 J.LM MPE · Fe(II) 0.77 0.79 1.19 1.31 4.06 4.12 1.60 
500 JJ.M BLM · Fe(II) 13.9 3.2 33.6 10.1 60.8 n.d. 2.56 
J.LM TBA reactive species 
500 fLM MPE· Fe(n) 0.40 3.20 
25 fl.~ BLM · Fe(n) 3.18 3.49 
Table XIV. Stoichiometry of DNA strand scission, base 
release, and TBA reactive species. Reaction mixtures were 
as described in the legend to Figure 20. Aliquots were 
removed and assayed for 'IBA reactive species. '!be remaining 
mixture was ethanol precipitated and the DNA pellet was 
analyzed for single strand cleavage as described in the 
Experimental Section. Quantities of the four bases were 
determined by HPLC analysis of the supernatant. 
-lOQ-
sequencing gels.8 
Although the HPLC analysis has shown that MPE•Fe(II) releases 
little or no base propenal fran rNA, we tested for the presence of 'IBA 
reactive species. Since the optical absorbance of MPE overlaps that of 
the 'IBA adduct, it was necessary to remove the MPE fran the reaction 
mixture using a cation exchange resin. Controls show that this 
treatment removes neither base propenals or malondialdehyde. Table XIV 
illustrates that MPE•Fe(II) treatment of DNA results in a snall amount 
of same species which react with TBA to form the characteristic 
chromophore. 
Since no base propenals were observed, it is likely that the 
TBA-adduct is a result of malondialdehyde production. Possibly sane 
base propenals were initially formed and subsequently degraded to free 
bases and malondialdehyde. It has been shown that acidic or basic 
solutions48 and thiol campounds49 are capable of degrading base 
propenals, but these conditions were not present in the standard 
reaction. Since we were able to observe base propenals in the 
bleamycin•Fe(II) reaction, we can rule out the possiblity that the 
work-up employed resulted in their destruction. 
Another possibility is that the MPE•Fe(II) itself is responsible 
for the degradation of base propenals. w= tested this by analyzing the 
products of a bleomycin•Fe(II) reaction for base propenals both in the 
presence and absence of MPE•Fe{II). The analyses were identical, 
illustrating that these compounds are stable to MPE•Fe{II). Therefore, 
we conclude that the reaction mechanism initiated by MPE•Fe{II) leading 









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Further evidence for this is obtained by treatment of these 
oligonucleotides with calf intestinal alkaline phosphatase, which 
ranoves 5 • phosphoryl groups fran DNA substrates.l20 Figure 22 (lane 5) 
shows that phosphatase treatment of a dimet~l sulfate reaction results 
in a decrease of the electrophoretic mobility, because of the removal of 
the negatively charged groups. This effect has been previously 
demonstrated by Kross et a1.45 Phosphatase treatment of the 
oligonucleotides from an MPE reaction (Figure 22, lane 4) produces the 
same shift in electrophoretic mobility, confirming that MPE·Fe(II) 
cleavage results in 5' phosphoryl groups. 
In order to investigate the nature of the 3' termini, a 381 base 
pair long 5 '-end labeled DNA fragrrent was used. Dirnet~l sulfate 
treatment is knuwn to lead to phosphorylated 3 • termini99 while DNAse 
leads to ~droxylated 3' termini. The bleomycin•Fe(II) reaction 
produces 3' ends which consist of glycolic acid esterified, though its 
hydroxyl group, to the phosphate ter.mini.49 The electrophoretic 
mobilities of these three types of ends can all be resolved and are 
illustrated in Figure 23 (lanes 1,4, and 5). 
The reaction of MPE•Fe(II) with this 5' end labeled· fragment 
resulted in a set of oligonucleotides which migrated as doublets on the 
gel (Figure 23, lane 2). Comparison of the mobilities of these 
fragments with those in lanes 1,4, and 5 reveals that the slaver moving 
band of each doublet co-migrates with fragments produced by dimethyl 
sulfate reaction, while the faster moving band co-migrates with 
fragments produced by the bleomycin reaction. This suggests that both 
3'-phosphate and 3'-phosphoglycolic acid groups are produced by 
-103-
MPE•Fe(II) cleavage of DNA. 
Tb verify the presence of 3'-phosphate groups, half of the 
sample obtained from MPE•Fe(II)/DTT cleavage was subsequently treated 
with T4 polynucleotide kinase in the absence of ATP or ADP. T4 
polynucleotide kinase has been shCMn to be effective as a 3 '-phosphatase 
under these conditions.l21 Comparison of lanes 2 and 3 in Figure 23 
illustrates that one of the bands of each doublet produced by MPE•Fe(II) 
cleavage disappears upon kinase treatment, and a new band appears. 'Ibe 
bands which disappear co-migrate with oligonucleotides produced in the 
dimethyl sulfate reaction (with 3 '-phosphoryl termini) while the new 
bands which appear co-migrate with oligonucleotides produced in the 
DNAse reaction (with 3'-hydroxyl terrnini). These results demonstrate 
that the slo.·1er moving band of each doublet is a DNA fragment with a 
3'-phosphoryl group. 
The faster rooving band of each doublet in lane 2 is resistant to 
T4 polynucleotide kinase. 'Ibis band appears to c04migrate with 
fragments produced by bleamycin•Fe(II). The 3'-terminus of the 
bleomycin-induced scission is also resistant to kinase treatment.45 
These results indicate MPE•Fe(II) scission produces same fragments with 
phosphoglycolic acid groups at their 3' termini. Tb verify this, DNA 
labeled with [3H] at the 5'-position was reacted with MPE•Fe(II)/DTT, 
ethanol precipitated, and then hydrolyzed in 6N HCl for 2 h at 150°C. 
'Ibe residual products were treated with alkaline phosphatase to release 
radioactive glycolic acid. This was analyzed by cellulose thin layer 
chromatography and a radioactive product was found which co-migrated 
with authentic glycolic acid. The product was eluted from the plate and 
-104-
Figure 22 
.Analysis of 5' termini. 'nle 279 base pair 3'-end labeled 
DNA fragment (2. 104 cpn) and sonicated calf thymus DNA 
(total DNA concentration was 100 11M) was incubated with: 
Lane 1, 100 ~ bleomycin•Fe(II); 2, G reaction; 3, 
10 ~ MPE•Fe(II) and 1 mM DTT; 4, 10 ~M MPE•Fe(II) and 1 mM 
IJPr followed by calf intestinal alkaline phosphatase 
treatment; 5, G reaction followed by calf intestinal 
alkaline phosphatase treatment. 'nle DNA was ethanol 
precipitated and analyzed by denaturing 20% polyacrylamide 
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Figure 23 
Analysis of 3' termini. 'nle 381 base pair 5'-end labeled 
DNA fragment (2. 104 cpn) and sonicated calf thymus DNA 
(total DNA concentration was 100 ~M) was incubated with: 
Lane 1, G reaction; 2, 10 ~M MPE·Fe(II) and 1 mM DTT; 3, 
10 ~M MPE•Fe(II) and 1 mM DTT followed by T4 polynucleotide 
kinase; 4, 100 ~M bleamycin•Fe(II); 5, DNase I reaction, 1 
rnin.2 '!be DNA was ethanol precipitated and analyzed by 
denaturing 20% polyacrylamide gel electrophoresis as 











0 "" "" "" · ~ ~ t=t 
t- "'""" "'""" "'""" H (.) ~ ~ ~ <t Q) 
w U) 
a:: w LLJ ~ <( a.. a.. _J z 
(!) :E ::E CD 0 
2 3 4 5 
-108-
Figure 24 
Comparison of 3' ter.mini with different cleaving reagents. 
The 381 base pair 5'-end labeled DNA fragment (2. 104 cpn) 
and sonicated calf thymus DNA (total DNA concentration was 
100 ~M) was incubated with: Lane 1, 1 rrM MPE•Fe(II); 2, 
10 ~M MPE•Fe(II) and 1 mM DTT; 3, 500 ~M MPE•Fe(III) and 10 
mM H2D2; 4, 1 mM EDTA•Fe(II); 5, 1 mM EDTA•Fe{II) and 1 mM 
DTT; 6, 1 rnM EDTA•Fe(III) and 10 rnM H202i 7, 50 ~M 
blearnycin•Fe(II); 8, 5 ~M blearnycin•Fe(II) and 1 mM DTT; 9, 
20 ~M biearnycin•Fe(III) and 10 mM H2D2· The DNA was ethanol 
precipitated and analyzed by denaturing 20% polyacrylamide 












































































































































the TMS derivative was prepared with ~trimetb¥lsilylimidizole (Pierce) • 
GC-MS analysis confinned the identity of glycolic acid. The amount of 
glycolic acid recovered represented 0.35 equivalents of the free thymine 
released fran the original DNA, which was assayed by HPLC of the 
reaction mixture supernate. 
These results demonstrate that each MPE•Fe(II) induced strand 
scission produces a 5' 9hosphoryl group, a mixture of 3' phosphoryl and 
phosphoglycolic acid groups, and a free base. 
MPE can be activated with Fe(II), Fe(II)/DTT, or Fe(III)/H2~· 
Figure 24 (lanes 1-3) illustrates that the two types of 3' termini occur 
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regardless of which of these methods is used. However, the relative 
amounts of the two bands apP=ar to be different. rensitanetry of the 
autoradiogram confirms that MPE•Fe{III)/H2D2 produces a greater 
percentage of 3 '-phosphoryl groups than either MPE•Fe{II) or 
MPE·Fe{II)/DTT. Tb test the possibility that the phosphoglycolic acid 
3'-end was degraded by H202, a set of oligonucleotides generated by 
MPE·Fe{II) was purified on cation exchange resin and subsequently 
treated with H2D2· The intensity of the bleomycin-like band did not 
decrease, indicating that it is stable to H2D2· 
High concentrations of EDTA·Fe{II) can also produce some strand 
scissions in DNA. Since the cleavage efficiency is low, larger amounts 
of [32p] DNA were needed to detect the few small oligonucleotides which 
moved down the gel. Figure 24 (lanes 4-5) illustrates that EDTA.Fe{II), 
with or without DTT, produces the same kinds of 3'-terrnini as 
MPE•Fe{II). Again, activation with Fe{III)/H2D2 {lane 6) gives rises to 
a greater percentage of 3' phosphoryl groups than 3' phosphoglycolic 
acid groups. 
The presence of two different kinds of 3' ends suggests a dual 
mechanism for cleavage. Since the same mixture of 3' ends were found 
when free EDTA·Fe{II) degraded DNA, this duality in mechanisms is not a 
peculiarity of MPE·Fe(II). Possibly the active oxidizing species 
produced by these reagents attacks two different sites on the 
deoxyribose ring, and subsequent reactions lead to base release and 
strand scission in ooth cases. Alternatively, a unique site on the 
sugar is attacked and the reaction mechanism bifurcates at a point 
further along in the reaction scheme. 
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Bleomycin, when activated with Fe(II), Fe(II)/DTT, or 
Fe(III)/H2~, produces only one type of 3' end on DNA, a phosphoglycolic 
acid (Figure 24, lanes 7-9). This suggests that it initiates 
strand-scission in a site-directed manner. In contrast, both MPE•Fe(II) 
and EDTA•Fe(II) generate two cleavage products and most likely initiate 
strand scission Yia a diffusible active species. Recently, Haseltine 
investigated the nature of the 3' termini produced by y-radiolysis.60 
The gel migration of y-irradiated DNA fragments were consistent with the 
presence of a mixture of phosphoryl and phosphoglycolic acid groups on 
the 3' ends. It is well established that the hydroxyl radical is 
primarily responsible for DNA damage induced by ionizing 
radiation.58,59,122 The similarity of products from MPE•Fe(II) cleavage 
and hydroxyl radical mediated DNA cleavage further supports the 
intermediacy of •OH in the MPE•Fe(II) strand-scission reaction. 
The first step of the reaction of •OH with deoxyribose is likely 
to be H-abstraction leading to a sugar radical.58,59 In oxygenated 
solutions, this reaction is followed by a diffusion-controlled addition 
of 02.59b Schultz has proposed a plausible mechanism of deoxyribose 
fragmentation (Scheme II) which leads to the experimentally d~rived 
products.l23 ,124 This mechanism is based upon the products obtained 
from the reaction of 2,5-dimethyl-2-hydroperoxytetrahydrofuran,124a and 
2-hydroperoxytetrahydrofuranl24b with aqueous Fe(II). 
Ho-o-o0 ~ o:::('0) + Jl 
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'Ihe ex>nfirrnation of the mechanism outlined in Scheme II awaits 
identification of the remaining deoxyribose degradation products. 
Design and AA;>roach to the Synthesis of Bis(metbidimpropyl-IDrA). 
The phenomenon of bisintercalation was originally discovered 
with an antibiotic, echinomycin.S Since then a number of dimeric 
derivatives of classic intercalating drugs have been synthesized, and 
their DNA bi~ding characteristics have been determined.l25 The DNA 
affinity of these d~rs is substantially higher than the DNA affinity 
of the respective ronomers. In many cases the dimer binds to DNA so 
tightly that binding constants can only be estimated. 
A dimer of methidiurn using a Sfermine linker has been 




of BMSp to DNA was found to be 1.6 times more energetically favorable 
than the binding of ethidiurn bromide (EB) • In addition, BMSp was shown 
to have a substantially higher ex>nformational specificity than the 
monomer. From the work of Bresloff and Crothers,126 it is known that 
the binding of EB to the RNA-DNA hybrid rA•di' is favored over the 
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DNA-DNA duplex dA· dT by a factor of 100. Becker and Dervan found that 
this 100-fold specificity exhibited by EB increases to 1440 for BMSp.l27 
Further evidence for specific recognition of DNA binding sites 
by BMSp was fot.md by Ikeda.l28 The dirner selectively inhibited 
restriction sites on heterogeneous DNA (pB~322 plasmid) while the 
monomer, EB showed no selective action in competition with any of the 
restriction enzymes used. It is probable that this demonstrates the 
enhanced selectivity of a dirner (EMSp) over a monomer (EB). 
Alternatively, both drugs may bind selectively, but only BMSp competes 
effectively with the restriction enzyme due to its higher binding 
affinity. 
Yielding and coworkerslOO have investigated the selective 
inhibition of restriction sites using the ethidium analog, rnonoazido 
ethidium. This molecule covalently binds to DNA upon photoactivation. 
Their findings are consistent with selective drug binding dictated by 
long range conformational parameters. However, this effect only occurs 
at low binding densities; high drug to base pair ratios mask the 
consequences of specific interactions. 
The experiment described above uses the technique of. 
photoaffinity labeling to detect the locations of binding sites. We 
have seen that the attachment of EDTA to a DNA binding molecule allows 
the use of affinity cleaving to determine the locations of binding 
sites. Therefore, the attachment of EDTA to a dimer of methidium would 
create an efficient DNA cleaving molecule potentially capable of 
selective recognition of DNA. 
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The target molecule and its proposed synthesis is shown in 
Scheme III. The target is a simple dirner of MPE (Bis-MPE, 10) using a 
12-carbon linker, which would allow both rnethidiurns to intercalate. 
Steps 1-5 have been accomplished; the ditosylate of 1,12-dodecanediol 
was reacted with an excess of 1,3-diaminopropane affording the 
tetra-amine 7. The imidizole68 of triethyl ester 4, available in two 
steps fran EDrA,69 was condensed with 7 affording 8. The final two 
steps (6 and 7) have not yet been accomplished. The imidizole of 
paracarboxymethidium, 1, will be condensed with 8 to afford 9. A model 
reaction using dietqylamine as a substitute for 8 has been successfully 
carried out in high yield. Finally, the ester 9 will be hydrolyzed to 
yield Bis-MPE. 
Bis-MPE is expected to have a very high binding affinity for 
DNA, on the order of 108 (~E1 • 6 ). This would allow for efficient DNA 
cleavage at very low binding densities. The off-rate for Bis-MPE is 
expected to be slower than for MPE, possibly resulting in double-strand 
DNA cleavage in a single binding event. In addition, the presence of 
two EDTA moieties on the molecule raises the possibility of two 
simultaneous oxygen activation events. This is expected to .raise 
cleavage efficiency, and possibly result in cleavage of opposite DNA 
strands. 
The conformational specificity exhibited by BMSp may be 
reflected in Bis-MPE. This will be easy to determine using both 
synthetic polymers and pBR-322 plasmid DNA. One experiment could be a 
canpetitive experiment between rA•dT and dA•dT to see if the rA•dT 
selectivity of BMSp is conserved. In addition, the regiospecificity 
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demonstrated by BMSp using restriction enzyme inhibition analysis could 
be probed with Bis-MPE using affinity cleaving on :r:B~322 plasmids. !my 
confonnational hot-s~ts would be revealed by banding patterns on an 
agarose gel (either nondenaturing gels to examine double-strand scission 
or denaturing gels to examine single-strand scission). These hot-spots 
could be mapped by subsequent cleavage with restriction enzyrres. 
High resolution gel electrophoresis using end-labeled DNA 
fragments would reveal more about the potential specific recognition of 
base sequences or DNA confonnations by Bis-MPE. We have already seen 
how MPE has a slight bias against AT base pairs. This bias is expected 
to increase for the dimer. Pertubations in the double-helix could be 
artificially induced using DNA binding drugs to see what effect they 
would have on the Bis-MPE cleavage patterns. In summary, this dimer of 
MPE is expected to be a conformational probe for DNA. Since it would 
have different properties than MPE, it may be able to answer different 
questions about the double helix. 
Colclusion 
The design and synthesis of a bifunctional DNA cleaving reagent, 
methidiumproP.{l-EIJrA {MPE), has been described. 'Ibis reagerit 
demonstrates that judicious attachment of EDTA to a DNA binding molecule 
creates a DNA cleaving molecule. MPE cleaves DNA efficiently in the 
presence of Fe(II), oxygen, and reducing agents. A study of the DNA 
binding characteristics of MPE has shown that it binds with a high 
affinity and unwinds super coiled DNA. The factors affecting the DNA 
cleavage efficiency by MPE have been determined, demonstrating that 
Fe (II) and ~ are absolute requirements and that •OH is a probable 
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inter.mediate in the strand scission reaction. Analyses of the DNA 
cleavage products have led to insight regarding the strand scission 
reaction mechanism, and further support the intermediacy of •00. 
MPE•Fe(II) cleaves DNA in a relatively non-sequence specific 
manner. It is a useful tool for the deter.mination of snall molecule 
binding sites on naturally occurring heterogeneous DNA,a and in the 
study of chromatin structure.l04 MPE•Fe(II) and other related 
bifunctional cleaving reagents should be useful as probes for small 




Materials and Methods. Nuclear magnetic resonance (NMR) 
spectra were obtained on a Varian Associates EM-390, or a Bruker WM 500 
spectrometer. Chemical shifts are given as parts per million (ppm) 
downfield fran tetramethylsilane (TMS) , and coupling constants in cycles 
per second (Hz) • Infrared (IR) spectra were recorded on a Perkin-Elmer 
r-t:>del 257 or Shimadzu IR-435 spectrophotaneter, and are reJ;Orted in 
wavenl.ll'TDers (cm-1). Ultraviolet-visible (tN-VIS) spectra were recorded 
on a cary 219 spectrophotaneter. Elemental analyses were performed by 
Galbraith Laboratories, Inc., Knoxville, Tennessee. Mass spectra (MS) 
were performed by the University of california, san Francisco (Kratos 
MS-50S spectrometer equipped with a SIMS ion source) or by the 
University of Nebraska {Fast Atom Bombardment). High pressure liquid 
chromatography (HPLC) was performed on an Altex system using an 
Ultrasphere octadecylsilane (ODS) reversed phase column. Radioactive 
samples were counted in a Beckman LS200B scintillation counter. Gels 
were photographed with Polaroid type 55 film and the negatives were 
scanned with a cary 219 spectrophotometer interfaced to an Apple 
canputer. 
Most reagent grade chemicals were used without further 
purification. Dimethyl sulfoxide (OMS:>) and N,N-dimethylformamide (DMF) 
were dried over 4A rrolecular sieves. All of the water used was double 
distilled. Blenoxane, a clinical bleomycin sulfate, was generously 
supplied by Bristol Laboratories. Ferrous ammonium sulfate was a Baker 
Analyzed Reagent. Dithiothreitol (DTT) was purchased from calbiochem. 
Iodosylbenzene (PhiO) was fran Pfaltz and Bauer. .All solutions of Fe, 
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IJIT, ascorbate, H202, and PhiO were prepared irrmediately before use. 
'Ihiobarbituric acid ('IBA) and nucleotide bases were fran Sigma. 
Desferrioxarnine (desferal) was supplied by Ciba-Geigy. calf intestinal 
alkaline phosphatase, superoxide disrnutase, and catalase were purchased 
from Boehringer Mannheim. DNAse was from Worthington, toposiamerase I 
from Bethesda Fesearch Labs and all other enzymes from New England 
Biolabs. Arnersham suwlied [32p]ATP and [3H] thymidine. 
Methidimpropylamine (2) . Paracarboxymethidium chloride (1) 
(l.Og, 2.6 mnol) and N-ethyl roorpholine (0.3 ml) were canbined in 40 ml 
dry DMSO under an argon atmosphere. Carbonyl diimidizole (470 mg, 2.9 
rnrnol) in 6 ml DMSO was added at room temperature and the solution was 
stirred for one hour. ·The contents of the flask were transferred~ 
syringe to a dropping funnel, and subsequently added dropwise to a 
solution of 1,3-diaminopropane (2.2 ml, 26 mmol) in 2 m1 dry DMSO under 
argon. Stirring was maintained for 24 h, followed by concentration in 
yacuo to yield a purple solid. The solid was flash chromatographed on 
silica gel 60 with acidic methanol (0.1% (v/v) acetyl chloride in dry 
rrethanol) • A dark orange band was collected, concentrated .in vacuo, and 
dried for several days .in vacuo at 500C to yield 998 rrg ( 89%) of the 
desired product as a maroon solid: NMR (D20) 8 7.19-8.07 (m, lOH, ar + 
phenyl), 4.19 (s, 3H, N+-CH3), 3.63 (t, J=7Hz, 2H, -cH2-), 3.20 (t, 
J=7Hz, 2H, -CH2-), 2.13 (m, 2H, -cH2-). IR (KBr) 3300, 3200, 3100 to 
2900, 1620, 1540, 1490, 1470, 1420, 1380, 1350, 1315, 1260, 1225, 1155, 
820. Mass spec.: m(z = 400 (M+). 
Methidimpr~l-IDrA triethyl ester (5) . Triethyl 
etqylenediaminetetraacetate (4) was prepared by the method of Hay and 
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~lan.69 4 (119 mg, 0.32 ITIOOl) was combined with carbonyl diirnidizole 
(57 mg, 0 .35 mmol) in 3 ml dry DMF and stirred at roan temperature for 
30 minutes. 2 (138 mg, 0.32 mool) was added and the solution was 
stirred at roam temperature for 24 h. The mixture was concentrated in 
vacuo to a red solid and flash chramatographed on silica gel 60 with 
acidic methanol (0.2% (v/v) acetyl chloride in dry methanol) to yield 
124 mg (49%) of the desired product. NMR (CD)OD) 8 7.3-8.7 (m, 9H, 
aromatic H's), 6.48 (d, J=3Hz, lH, H-7), 4.12 (m, 9H, N+-cH3 and 
--<lXX:li2CH3) , 3 .2-3. 7 (m, 12H, -~-co- and CD-NH-C.H2-) , 2. 76 (s, 4H, 
-N-C.li2), 1.86 (m, 2H, -cH2-), 1.25 (t, J=7Hz, 9H, -<lXXli2C.R3). IR (KBr) 
3400, 3100, 1625, 1590, 1490, 1090, 1050, 820. 
Methidimpropyl-EDTA (3). Method A. 4.5g EDI'A (15.4 rranol; free 
acid form) was dissolved in 600 ml dry Ltt1F at 1200C under an argon 
atmosphere. Molecular sieves were added, and then 2 (435 mg, 1 rranol) in 
150 ml DMF was added dropwise to the hot, stirring solution. The 
solution was stirred at 120oc one hour, cooled to roam temperature and 
filtered. The filtrate was concentrated in vacuo to a red solid, which 
was taken up in warm water and passed over Amberlite IRA 45 to remove 
excess EDTA. The orange aqueous solution was concentrated in vacuo to 
yield a purple solid, which was flash chromatographed on a silica gel 60 
with basic methanol (2% aq-NH3 in methanol). A dark orange band was 
collected and concentrated .in vacuo. The product was rendered 
metal-free by dissolving it in 100 ml of 5% CG· Na2EIJ!'A, adding HCl to 
make the solution pi 2, and subsequent neutralization with aq. NH3. The 
solution was passed over a column of Amberlite XAD-2 polystyrene resin 
(Rohrn and Haas) to effect adsorption of the product. This column was 
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washed with 200 ml of 5% ~· Na2EIJrA, 200 ml of chelex treated metal 
free 5% aq. NaCl, and 200 ml of double distilled H20. SUbsequent 
elution with 50% aq. methanol yielded a red solution which was 
concentrated in vacuo to yield 475 mg {67%) of the desired product as a 
maroon solid: NMR (CD30D) o 7.33-8.62 (m, 9H, ar +phenyl), 6.54 (s, 
lH, H-7), 4.12 (s, 3H, N+-CH3), 3.90 (s, 4H, -~CH2-coDH), 3.05-3.55 (m, 
12H, N-CH2- and OONH-C.H2-) , 1.92 (m, 2H, -CH2-) • IR (KBr) 3400, 3200 
(sh), 2900, 1630, 1580, 1490, 1410, 1315, 1260, 1110, 820. uv (H20): 
286 run ( s = 54725 M'"" 1 an-1) , 488 nm ( s = 5994 M'"" 1 cm-1) • MPE was 
isolated as the monopotassiurn salt, tetrahydrate. Anal: Calcd. for 
C34H47N7D12K: C, 52.03; H, 6.04; N, 12.49. Found: C, 52.24; H, 5.78; 
N, 12 • 46 • Mass spec. : m/ z 712 { monopotassium salt, W) • 
Method B. 5 ( 124 rng, 0.16 rrunol) was dissolved in 10 ml ethanol 
and 25 m1 of 0 .5M lithium hydroxide was added. The reaction was stirred 
at roam temperature for 2 h, acidified to pH 4 with 1M HCl, and 
concentrated .in yacuo to a red solid. The product was flash 
chramatographed on silica gel and further purified as described in 
method A to yield 101 rng (79%) of 3. MPE prepared in this way identical 
to that produced in method A by NMR, IR, TLC and HPLC. 
IDrA-propme ( 6) • 4 ( 200 mg, 0 • 53 rrunol) was canbined with 
carbonyl diimidizaole (95 mg, 0.58 nmol) in 5 ml dry Il-1F and stirred at 
roan temperature for 30 minutes. ProP.flamine (0 .052 ml, 0.64 rranol) was 
added and the solution was stirred at roan ten-perature for 24 h. The 
mixture was concentrated .in yacuo to a yellow oil, and taken up in 5 ml 
ethanol. 5 ml of 0.5M lithium hydroxide was added and the reaction was 
stirred at roam temperature for 1 h, acidified to pH 7 with 1M HCl, and 
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concentrated in vacuo to a yellow oil. The product was flash 
chranatographed with basic methanol (20% cq-NH3 in methanol) to yield 
101 reg (56%) of VI. NMR (CDJOD): 8 3.28 (rn, 2H, - CONH-c.H2-) , 3.18 (s, 
2H, -N-Cll2-<DNH-) , 3.08 (s, 6H, -N-C.H2-<XX)H) , 2.57 (s, 4H, -N-CH2...;,) , 
1.53 (rn, 2H, -CH2-), 0.92 (t, J=7Hz, 3H, -cH3). IR (KBr) 3400, 3220, 
2970, 1640, 1590, 1440, 1405, 1330, USO, 1110, 850. ftass spec.: nv' z 372 
(M+). 
l,l2~ol bis(4-methylbenzene sulfooate). 1,12-Dodec-
anediol (2.0g, 10 rnrool) was suspended in 10 rnl CC14, p-toluenesulfoeyl 
chloride (3. 77g, 20 mnol) was added and the mixture was cooled to OOC. 
Triethylamine (3 .3 rnl, 24 rranol) was slowly added and the mixture was 
stirred at roan temperature for 40 h. The CC14 was removed in vacuo and 
the residue was washed thoroughly with hexane. The sample was dissolved 
in CH2Cl2, extracted with cold 5% HCl, H20, and 5% K2COJ. The rn2c12 
solution was dried (NaS04) and evaporated to a pale yellow solid jn 
vacuo. Melting point (740C) and NMR compared favorably to literature 
values.l29 
N,N'-Bis(3-am:i.nopropyl)-1,12-dodecanediamine (7). 
1,12-Dodecanediol bis(4-rnethylbenzene sulfonate) (510 mg, 1 mmol) was 
dissolved in 5 rnl toluene and dropped slowly into 1,3-diarninopropane (8 
rnl, excess). '!he reaction mixture was stirred at roan temperature for 
16 h and evaporated to dryness. The white solid was recrystallized from 
hot water to yield 231 rcg (73%) of white crystals. NMR (COCl3) 8 2.58 
(rn, 12H, -N-CH2-) , 1.1-1.8 (rn, 30H, -cH2- and -NH2) • 7 was isolated as 
the HCl salt. Anal: Calcd. for C19H42N4•HCl: C, 61.59; H; 12.35; N, 
15 • 96 • Found: C, 61.61 ; H, U • 6 5; N, 15 • 6 0 • 
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N,N'-Bis ( triethy1-ID17rpropy1) -1, 12--oodecanedi.amine ( 8) • 
Tr iethy 1 EUrA ( 4) ( 295 mg, 0 • 7 9 rmool) was dissolved in 4 rnl. dry rr-1SO and 
carbonyl diimidizole (165 mg, 1 nmol) was added. After 30 min at room 
temperature, N,N'-bis(3-aminopropyl)-1,12-dodecanediamine (123 mg; 0.39 
nmol, dissolved in 10 ml dry DMSO) was added and the reaction mixture 
was stirred at roan temperature for 16 h. The DMSO was ranoved .in vacuo 
and the residue was flash chramatographed on silica gel with 
012Cl2/MeOH/ aq. NH3 ( 80 : 9: 1) to yield 90 rng ( 18%) of a white solid. NMR 
(COCl3) 8 4.1 (q, 12H, J=7Hz, -<XXXli2Cli3) , 3.05-3.7 (m, 20H, -N-C.H2-<D-
and CONH-c.H2-), 2.75 (m, 16H, -~C.H2-), 1.75 (m, 8H, -~012-c.H2-), 1.15 
(m, 34H, -CH2- and -CH3) • 
Para(diethy1carboxamide)methidilml. Paracarboxymethidium 
chloride 167 (68 rng, 0.18 rnnol) was dried .in vacuo at 50°C over P2us. 1 
was canbined with N-ethy 1 roorphol ine ( 20 ~ L) in 2 rnl. dry u.1F, acy 1 
ditmidizole (32 mg, 0.20 nmol) was added and the solution was stirred at 
roan temperature for one oour. Diethylamine (20.5 ~L, 0.20 nmol) was 
added and stirring was maintained for 18 hr. TLC analysis (1000:1 
MeOH/acetyl chloride) of an aliquot quenched with H20 showed very little 
reaction,and so the mixture was heated at 110°C for 3 hrs. TLC showed 
complete reaction, and the reaction mixture was concentrated in yacuo to 
a purple solid. The solid was flash chrornatographed on silica gel with 
acidic methanol (0.1% (v/v) acetyl chloride in dry methanol). 
Concentration jn vacuo followed by further purification on Amberlite 
XAD-2 (200 ml H20 wash followed by elution with 75% cq. wethanol) 
yielded 40 mg (51%) of the desired proouct. NMR (CDJOD) 8 7.2-8.6 (m, 
9H, aram H's +phenyl), 6.5 (d, J=3Hz, lH, H-7), 4.06 (s, 3H, N+-Cli3), 
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3.5 (m, 4H, -~-cH3), 1.25 (t, J=7Hz, 6H, -N-rn2-c.H3). IR (KBr) 
3400, 3200, 1620, 1490, 1400, 1380, 1315, 1260, 1090, 820. Mass spec.: 
nv'z 399 (~) • 
IBA Slbstrates. calf thymus DNA, purchased fran Sigma, was 
sonicated, phenol extracted, and extensively· dialyzed. PM2 plasmid J:::NA 
was from Boehringer Mannheim. pBR-322 plasmid DNA was grown in 
Escherichia coli strain HBlOl, and isolated in supercoiled for.m by 
procedures similar to those of Tanaka and Weisblum.l30 
[32p] end-labeled DNA fragments of defined sequence were 
obtained from the bacterial plasmid pBR-322. 76 A 279 base pair long 
3'-end labeled DNA fragment was prepar~ by cleavage of the plasmid with 
Bam Hl and enzymatic extension of the 3'-end with the Klenow fragment of 
DNA polymerase I and [a-32p] (3000 Ci/rnrnol) .131 After a second cleavage 
with Sal 1, the fragment was isolated by gel electrophoresis on a 5% 
polyacrylamide, 1:30 crosslinked, 2 mm thick gel.99 
A 381 base pair long 5' end labeled DNA fragment was prepared by 
cleavage of the plasnid with Bam Hl followed by removal of the 3 ' and 5' 
phosphoryl groups with calf intestinal alkaline phosphatase. 'Ibe 
5'-ends were labeled with [y-32P]ATP (5000 Ci/mrnol) and T4 · 
polynucleotide kinase. After a second digestion with Eco Rl, the DNA 
fragment was isolated fran a 5% polyacrylamide gel. Bacteriophage A 
[3H] DNA labeled at the 5-~thyl group of thymine was purchased fran 
Bethesda Research Labs. [ 3H] DNA labeled at the 5 ' position of 
thymidine was extracted fran purified bacteriophage A, grown in a th;r 
host, Escherichia coli strain RS15, kindly provided by Richard Burger.48 
This heat-inducible, lysis-defective bacteriophage A lysogen was grown 
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and isolated as describedl32 with the addition of 5'-labeled thymidine 
and 85 l-9frn1 uridine after induction. 'Ihe DNAse treatment and cesium 
chloride step gradient were anitted. DNA was extracted fran phage using 
formamide dialysisl33 and extensively dialyzed with 10 rnM Tris, pH 7.4, 
50 reM NaCl. 'lbe specific activity was 9.5 rnCi/mmol bp. 
Determinatim of Binding Affinities. The absorbance ti trations 
were perfor.med with a Cary 219 spectrophotometer using 10 em long cells 
(25 rnl) at 23±lo. The buffer was 10 mM Tris-HCl, 50 rnM NaCl, pH 7 .4. 
Increasing amounts of drug were added to a known quantity of sonicated 
calf thynn.ls DNA and the absorbance at 488 nrn was recorded until 
equilibrium was attained (10 minutes). Absorbance measurements were 
reproducible to± 0.0003 AU. The extinction coefficient at 488 nm of 
free drug is 5994 r-r-1 an-1, and of bound drug is 2685 M""l an-1. These 
numbers were determined by performing absorbance titrations in the 
absence of DNA (free drug), or in the presence of excess (4 rnM) calf 
thymus rNA (bound drug) • Beer's law plots (absorbance vs. drug 
concentration) were constructed and the slopes determined to cbtain 
these extinction coefficients. Binding affinities and binding site 
sizes were obtained by fitting theoretical Scatchard curves70,71 to the 
experimentally derived curves from the absorbance titrations. 
Determinatioo of Unwinding Angle. Each experiment contained 500 
llM PM2 plasnid rnA in 10 ll L of buffer (50 nt-1 Tris-HCl, 50 nM KCl, 10 rnM 
MgCl2, pH 7 .5) and MPE•Mg(II) in the concentration indicated. 1 llL of 
bovine serum albumin (0.5 rng/rnl) was added followed by 10 units of 
topoisornerase I. The reaction was incubated at 370C for 4 h, 10 more 
units of enzyme was added, and the reaction proceeded for four more 
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hours. 1 1-!L of 10% sodit..ml dodecyl sulfate was added and the mixture was 
phenol extracted twice, ether extracted twice, and then p3ssed through a 
1 mn x 5 nm colurcm of r:x:::wEX 50w-X4 to ranove drug. '!he column was 
washed with 1M sodium acetate and the DNA was ethanol precipitated fran 
the eluent. The pellet was washed with 95% ethanol, dried .in vacuo, and 
taken up in gel loading solution (5% ficoll, 0.025% bromophenol blue, 
0.025% xylene cyanol in electrophoresis buffer). The samples were 
loaded onto a 1% agarose slab gel and electrophoresed for 15 h at 60V 
(running buffer 40 nt-1 Tris-HCl, 5 rnM sodium acetate, 1 mM EUI'A, pH 7.8). 
The gel was stained with 2 1-1g/rrU ethidium bromide and photographed with 
Polaroid type 55 film. Shifts in band position were evaluated by using 
densitometer tracings. 
Reactioo. Conditioos for IH\ Cleavage. Reactions using 
supercoiled pBR-322 plasmid DNA as a substrate for MPE cleavage were 
performed in 10 1-!L of 10 rnM Tris-HCl, 50 rnM NaCl, pH 7.4 (unless noted). 
The DNA concentration was lo-5r.t (bp) • An MPE solution ( 5 rnM) ·· was 
pre-mixed with a metal ion solution (5 rnM) in a 1:1 complex followed by 
dilution to the desired concentration. In some experiments (noted in 
the figure legends) the MPE and metal ion solutions were diluted prior 
to mixing. Addition of reducing agents was done last, in concentrations 
noted in the figure legends. Reactions proceeded for 60 mins at 22oc 
(unless noted) , and were directly analyzed for cleavage by agarose gel 
electrophoresis. 
Anaerobic reactions were performed in a four-chamber vessel. 
Each component of the reaction mixture was placed in a separate chamber, 
and the vessel was placed onto a vacuum line. The solutions were 
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degassed by four cycles of freeze-thawing, the vessel was filled with 
ultrap.lre argon (Linde), and the components were mixed Yia syringe. 
After the reaction degassed desferal was added to a concentration of 50 
mM and the vessel was o~ned to the atm:>sphere. '!he reaction ~xture 
was immediately analyzed by gel electrophoresis. 
Reactions for HPLC analysis contained 20 rnM sodium phosphate, pH 
7 .2; 950 llM (bp) sonicated calf thym.ls DNA; 50 11M (bp) bacteriophage f. 
[3H]DNA; MPE or bleanycin, Fe(NH4)2(004)2 or Fe(NH4) (004)2, and when 
present, lJI'r or H202 in the amounts noted in the figure legends. 
Bleanycin (E:292 = 1.45 x 104 r.rl an-1)134 and MPE (E:488 = 5994 r-rl cm-1) 
were standardized optically prior to use. '!he reaction mixture (0 .2 rnl) 
was incubated at 220C for 30 mins and terminated by ethanol 
precipitation. The DNA pellet was assayed for strand scidsion by 
denaturing gel electrophoresis while the supernate was analyzed for 
products by HPLC or be reaction with TBA. This protocol removed less 
than 5% of the reaction products as shown by HPLC analyses before and 
after precipitation. 
Reactions for end group analysis contained L 104 cprn of [32p] 
end-labeled DNA made up to a total DNA concentration of 10011 M (bp) with 
sonicated calf thymus DNA. The buffer was 10 mM Tris-HCl, pH 7.4, 50 mM 
NaCl. MPE, bleomycin, or EDTA was included in the amounts indicated in 
the figure legends and Fe (NH4) 2 (004) 2 or Fe (NH4) (004) 2 was added. The 
molar ratio of chelator to iron was one to one. When present, the 
reactions were initiated by the addition of DTT or H202· All of these 
reagents except Fe(III) were prepared in double-distilled water within a 
few minutes of use. Fe(III) solutions were freshly prepared in 1 mM 
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a:;JUeous H2004. The reactions were incubated at 220C for 30 rnins and the 
DNA was ethanol precipitated for high resolution gel electrophoresis. 
Quantitatioo of ~ Cleavage. When supercoiled (form I) pBR-322 
plasmid DNA was used as a substrate for cleavage, the mean number of 
single-strand scissions :per DNA molecule, S, was determined by 
roonitoring the conversion to o:pen-circular (form II) and linear (form 
III) forms. The Poisson distribution states that 
sn -s 
P = - e 
n n! 
where Pn is the fraction of molecules that have n nicks each.l35 This 
equation assunes that the nicks are distributed at randan throughout the 
DNA population. Since by definition form I DNA has zero nicks, when 
only forms I and II are present the Poisson distribution simplifies to 
s = -ln [fiJ 
where fi is the fraction of form I molecules left untouched. 
In those cases where the cleavage reaction proceeded to form 
linear DNA molecules S was calculated from the following equation: 
f + f = 1 _ S(2h + 1) ~ J 
s/2 
I II 2L 
where h is the distance between nicks on opp:>si te strands needed to 
produce a linear molecule (16 bp)78 and Lis the total number of bp 1 s in 
pB~322 (4361) .76 
The relative amounts of forms I, II, and III DNA were analyzed 
by agarose gel electrophoresis (1% agarose; running buffer 40 mM 
Tris•HCl, 5 rrM NaOAc, 1 mM IDI'A, pH 7 .8) • Reaction mixtures (10 11 L) 
were mixed .with 2 1JL of gel loading solution (32% ficoll, 0.15% 
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bromophenol blue in water) and loaded onto a vertical slab gel. The gel 
was electrophoresed at 32V for 13 h or at 80V for 4 h and stained with 
2 ~ml ethidium bromide. After destaining, the gel was photographed 
with Polaroid ~ 55 film and scanned with a densitometer. The film 
was found to have a linear response in the range of DNA quantities used. 
In addition, since supercoiled DNA is topologically restricted with 
respect to its ability to bind to ethidiurn bromide it was necessary to 
multiply the values obtained for form I DNA by a correction factor. 
This factor was determined to be 1.22 by the method of Haidle. 79 
When bacteriophage A[3H]DNA was used as a substrate for 
cleavage, the single-strand scissions were quantitated by monitoring the 
decrease in the single-strand molecular weight of the DNA. The mean 
number of single-strand scissions per strand, P, is related to the 
decrease in the single-strand molecular weight of the DNA by the 
relationshipl36 
Mr/Mr(initial) = 2[e-P + P-1 ]jp2 
This relationship uses the weight average molecular weight 
Mr = nM2/nM 
where n represents the number of molecules of molecular weight M. 
The single strand molecular weight of the DNA after cleavage was 
determined by denaturation with glyoxal/~37 and electrophoresis on 
1.2% agarose gel. [3H] DNA was ethanol precipitated from the reaction 
mixtures and dissolved in 10 ~L of 10 rnM sodiun phosphate buffer (pH 
7 .0) • 14 ~L of DMSO was added, followed by 4 f.!L of freshly deionized 7M 
glyoxal (glyoxal was deionized by passage through AG 501 X-8 mixed bed 
resin) • The solution was incubated at 5ooc for 1 h and then loaded onto 
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a 1.2% agarose vertical slab gel (running buffer was 10 rnM sodium 
phosphate, pH 7 .0). The gel was electrophoresed at aov for 2.75 h with 
constant recirculation of the running buffer. Staining was with 30 
llg/ml acridine orange for 30 mins, followed by destaining in b~fer 
overnight at 4oc. The gel was photographed, cut into 1 rrm slices using 
a Hoefer SL280 gel slicer, and each slice was soaked in 10 ml of 
Econofluor/Protosil, 95:5 (New England Nuclear) for 24 h prior to 
scintillation counting. The number of molecules contained in each slice 
is represented by the radioactivity divided by the molecular weight of 
the oligonucleotides in that slice (n = cpm(M). The molecular weight 
represented by each slice was determined by comparing its migration 
distance to a calibration curve constructed using restriction fragments 
of known size (denatured as described). The log(Lfi) vs. distance plot 
was linear through the entire range of molecular weights examined. The 
initial size of the bacteriophage DNA was taken to be 49000 bp. These 
data were analyzed by an Apple canputer in order to determine· .P. In 
addition, the molecular weight distribution curves of the degraded DNA 
were compared to theoretical curves assuming a random degradation 
process.ll5 
BPLC of ~ Cleavage Procilcts. The supernatant fran the reaction 
mixture was reduced to 20 lJL .in vacuo and the entire sample was injected 
onto an Altex Ultrasphere ODS column. The solvent system used was 10 mM 
potassium phosphate, pH 5.5/methanol; gradient elution (0 to 10% 
methanol over five mins); detection was tN absorption at 260 nm. 
Quantitation of the four nucleotide bases was by the internal standard 
method using adenosine, which was added to the reaction mixture prior to 
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the ethanol precipitation. 
Thin Layer Cllrauatography of Base PrqJenals. A reaction mixture 
( 0. 6 ml) containing 50 mM sodiun phosphate (pH 7 • 2) , 1 mM calf thymus 
DNA, and 450 1-1M bleanycin•Fe(II) was incubated at 220C for 30 mins. The 
OOA was ethanol precipitated, and the supernate was concentrated to 0 • 5 
ml and applied to a 10 an x 20 an x 2 rran silica gel TLC plate. The 
plate was developed with ethyl acetate/isopropanol/water, 74:17:9, and 
the areas corresponding to the base propenals were located by spraying 
one end of the plate with 0.6% TBA and heating to gooc for 10 mins. The 
base propenals shCM up red, and the corresp::>nding areas were scraped off 
the plate and eluted with 80% aq. MeOH. The eluent was concentrated in 
yacuo and analyzed by HPLC as described above. 
In the converse experiment, the peaks corresponding to the base 
propenals were collected off of the HPLC and concentrated in yacuo. 
These were analyzed by TLC as described above and visualized by spraying 
with TBA and heating to gooc. 
TBA Assay. Aliquots from the reaction mixtures were passed 
through a 1 rran x 5 rran colUIYU1 of Invex sow-x4 to remove MPE. 'Ihe 
solution was mixed with nine volumes of 0.6% TBA and heate9 at gooc for 
20 mins. The TBA adduct was quantitated at 532 nm (E = 1.6 x lOS Mrl 
an-1) • 48 
Analysis of Termini by Gel Electrophoresis The DNA derived from 
the cleavage reactions was suspended in 4 1-1L of a pH 8.3, 100 mM 
Tris-Borate, 50% formamide loading buffer and heat denatured at gooc for 
one minute. The samples were loaded onto a 0.4 rran thick, 40 em long, 
20% polyacrylamide, 1:20 crosslinked, 50% urea gel and electrophoresed 
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at 1200V until the bromophenol blue tracking dye had moved 26 em. 
Autoradiography was carried out at -sooc on Kodak X-anat AR film. 
The presence of phosphoryl groups on the 5' termini of rnA 
fragments was tested by using calf intestine alkaline phosphatase. 
Degraded DNA was passed through a 1 mm x 5 mrn column of Dowex 50~X4 
cation exchange resin in order to remove the MPE. The [32p]DNA was 
recovered in the void volume while the MPE remained on the column. The 
DNA was ethanol precipitated, dissolved in 50 llL of 40 rnM Tris-HCl, pH 
7 .a, 5 rnM NaOAc and heat denatured at gooc for five rnins. Calf 
intestinal alkaline phosphatase was added and the sanple incubated at 
370C for 30 rnins. The reaction was terminated by ethanol precipitation 
and taken up in loading buffer for gel electrophoresis. S~ilarly, DNA 
from a dimethyl sulfate G reaction99 was su0jected to the same process 
(except for the Dowex treatment) in order to remove the 5' phosphoryl 
groups. 
The nature of the 3' termini was examined by using T4 . 
polynucleotide kinase to remove 3' phosphoryl groups.l21 DNA derived 
from the cleavage reactions was purified by Dowex as before to remove 
the MPE and then ethanol precipitated. The :p:!llet was dispolved in 20 
llL of H20, heat denatured at 90°C for five rnins and chilled on ice. 20 
0L of a buffer containing 20 rnM Tris-HCl, pH 6.6, 20 rnM magnesium 
chloride, and 10 rnM &-rnercaptoethanol was added followed by 4 lJL of T4 
polynucleotide kinase (1.5 units/llL) • The reaction was incubated at 
370C for one hour and ethanol precipitated for polyacrylamide gel 
electrophoresis. 
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Analysis of Glycolic Acid. Bacteriophage A DNA labeled with 
[3H] at the 5'-position was reacted with MPE•Fe(II)/DTT. The reaction 
. mixture contained 129 11M bacteriophage A [3H] DNA (9.51 rcCi/rnrool bp, 0.22 
11Ci), 56 11M MPE•Fe(II) and 1.4 mM Dr!' in 10 mM Tris•HCl, 50 mM NaCl, pH 
7 .4. After 1 hr at 220C, the DNA was ethanol precipitated and the 
supernate was analyzed for thymine release by HPLC. The DNA pellet was 
dissolved in 60 11L of 6M HCl and heated at lOOOC for 2 h. The solution 
was frozen, lyophilized, and taken up in 20 11L of 50 rnM Tris base (final 
pH 8 .5). 1 11L of bacterial alkaline phosphatase was added and the 
mixture was incubated at 370C for 13 h. The solution was applied to a 
cellulose TLC plate (Merck) next to authentic samples of glycolic acid, 
and the plate was developed with n-butanol/acetic acid/ether/water, 
9:6:3:1. The plate was divided into 16 equal Rf zones, and each zone 
was scraped off and eluted with 0.5 m1 of O.OlM HCl, to which was added 
10 m1 of Aquasol 2 (New England Nuclear) • The samples were counted in a 
scintillation cot.mter, and coW1ting efficiency was determined · using 3H20 
as an internal standard. In this way the Rf zone containing 
radioactivity could be located, and the amoW1t of sample could be 
quantitated. Meanwhile the TLC plate containing authentic .glycolic acid 
was stained with bromocresol purple to localize the Rf zone for glycolic 
acid. 
The experiment was repeated using cold calf thymus DNA and 
MPE•Fe(II)/DTT. The Rf zone corresponding to glycolic acid was scraped 
off the plate and eluted with 0.5 m1 of 0 .OlM HCl. The eluent was 
lyophilized to dryness, and 7 11LN-trimethylsilylimidizole (Tri-Sil Z, 
Pierce) was added. The mixture was heated at 600C for 1 h and analyzed 
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by GC/MS. The di-TMS derivative of authentic glycolic acid was prepared 
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PR<X;RAMS FOR ~TA ANALYSIS 
1M Dist. 'Ibis program calculates the "number average" and 
"weight average" molecular weight of a distribution, and the mean number 
of strand scissions per nucleotide. It generates plots of the 
experimentally derived molecular weight distribution compared to 
theoretical curves assuming a random degradation process according to 
the equations of Freifelder and Davison.llS The user must input 1) the 
number of base pairs in the starting material; 2) the slope and 
y-intercept of the log (MW) versus distance plot for the gel being 
analyzed; 3) the size of each gel slice in rnrn; 4) the radioactivity of 
each gel slice (in cpm); and 5) the background radiation (in cprn). The 
slices ar~ numbered fran one (top of gel) to 150 (bottan of gel) • '!he 
program determines the molecular weight represented by each gel slice 
and the amount of DNA contained in the slice. It stores the data on 
disk and generates molecular weight distribution plots. 
:DUe. 'Ibis program calculates the mean number of single-strand 
scissions per p3R-3 22 plasmid ( S) • The user must input the areas of the 
peaks representing form I and form II DNA, obtained from scanning 
densi tanetry. If there is no form I INA, the program will ask for the 
percent of form II DNA and calculate S fran the equation of Freifelder 
and Trumbo. 78 The program corrects for the decreased stainability of 
form I DNA (correction factor 1.22). 






0 It1 C\ 1 50 > 
0 H1 t·1~>~< 150 > 
0It·1 P( 600) 
Dit1 N< 150 > 
0$ = CHR$ (4) 
137 F = .5 
14-0 co = 2 
15(1 I..JOL = 20[1 
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160 INPUT "~OH HAN"t BASE PAIRS IN THE INITIAL DNA?";HI 
165 INPUT "14H4T IS THE SIZE OF H GEL SLICE IN Ht1?";G 
170 H~PUT "14HAT IS THE BACKROUNO CPH?" ;8 
172 IHPUT "14HAT IS THE SLICE NUHBEF: OF THE FIF:ST HOT SLICE? " ;A 
1 75 I t·~PUT "14HAT IS THE 3LOPE AND "t- INTERCEPT OF THE LOG( HI-I ) t...tS DISTANCE P 
LOT? 11 i ::L" ;To I 
180 IF SL = 0 THEN GOTO 300 
1:35 I~4PUT " 8EH4EEN ~HICH SLICE ~~UHBERS DOES THIS SLOPE APPL"t?" ;J .. K 
186 INPUT 11 RECALL CPH DATA? ENTER t~O OR NOTEBOOK NUHE:ER " ; t~E:$ 
187 IF NB$ < > "NO" THEN t30SUB 1000: t30TO 260 
190 FOR X = J TO K 
200 PRINT "HOH HAN"t CPH IN SLICE ~4UHBER 11 ;X;"?" 
21 (1 H4PUT co:; > 
230 NE>~T ::-; 
24f1 INPUT "STORE CPH OATH? ENTER NO OR NOTEBOOK NUHBER ";~48$ 
250 IF NBS < > "NO" THEN GOSUB 2000 
260 FOR X = J TO K 
270 HH< X ) = 10 A ( SL * G +(X- F)+ YI ) 
280 N(X) = ( C(X) - 8 ) / hH(X) 
285 : F H( :~ ) > HAXN THEN HA>C:N = N< >c: ) 
29(1 NE>::T ::-:  
295 GOTO 175 
300 HI = INT <HH<K ) ) + 1:H = HI 
3(11 'r' = (1 
302 0 = A + 1 
304 FOR :x: = K TO D STEP - 1 
306 H = ( ~~( ::<; - 1 ) - t~( ::,; ) ) / ( HW ;:.:  - 1 ) - t 1 ~'i( ::-:: :·· ) 
308 IF H > = HH( 7-: - 1 > THEN !30TO 322 
310 P<Y> = ( 14 - HH(X)) + H + N(X) 
312 SUt1~~H = SUMNH + P( '-1 ) * H 
314 SN = SN + P(Y ) 
316 SHHN = SHHN + P(Y) * H A 2 
318 1T1 : ;T1 + 1 
319 H = HI + Y * 10 
320 IF ~-~ < HW: ;-:; - 1) THEt4 GOTO 310 
322 t-~E>::T ~: 
323 'r'L = 'r' - 1 
325 H4HH = 3~1HN / SUHNH 
330 HF = SUt1NH ,... SN 
340 R = l / HF - 1 / HI 
350 N = R * CO * UOL 
355 INPUT "DO YOU HANT A PRINTOUT OF THE DNA SIZE OISTRIBIJTION?";A$ 
35€ INPUT 11 DO YOU H~T TO PLOT THE DNP. SIZE DISTRIBUTION?";E:$ 
357 INPUT "ENTER NOTEBOOK NUHBER• ;NB$ 
358 PRINT 0$;"PR#l" 
359 PRINT NB$ 
360 IF A$ = "NO" THEN GOTO 430 
370 PRINT "SLICE NO." .. "LENGTH" .. "AHOUNT" 
3813 PRINT 
390 FOR X = A TO K 
400 PRINT X .. INT <HH(X) + F :> .. INT (10ee * N<X> +F)/ 1000 
41 (1 t-~E ~':T ::.:; 
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420 PRINT 
4-30 PRINT 11 t4UHBER At'ERAGE LENGTH = II; HH < HF + F) 
440 PRINT "NICKS PER NUCLEOTIDE = II ;F:; II (USING NHH~~ ) 11 
450 PRINT "TOT~ NANOHOLES OF NICKS= ";N;" <USING NAHf.t)u 
451 PRINT "HHHk4 = II; INT ( ~~AHI-l + F > 
452 PRHH "~HCKS PER NUCLEOTIDE = ";2 / HHHI.f - 1 . ...- HI;" (IJSH4G HAHH ) " 
453 PRINT "TOTAL Nf:fNOHOLES OF NICI<S = 11 ;( 2 / HAH~~ - 1 / HI > *' CO * 1...'0Li" 
(USING ~~AHH )" 
454 PRINT "BACKF:OUND CPH = ";E: 
455 IF 8$ = "NO" THEN END 
460 C! = HH( A ) 
480 HGR2 : HCOLOR= 3 
500 XFAC = 275 / Q 
510 'r'FAC = 187 / HAXN 
520 z = INT (10 A - 3 * Q).:,;. 100 * XFRC 
525 HPLOT 0 .. 0 TO 0 .. 189 TO 279,189 
530 FOR X = Z TO 279 STEP Z 
540 HPLOT X .. 189 TO ::< .. 191 
55f1 t·4E::< T X 
560 FOR X = A TO K 
565 IF HH<X > > Q THEN GOTO 580 
570 HPLOT ><FAC + HW >~ ) I 189 - YFAC * t-4( >< ) 
58f1 t·~E>: T ;:.:; 
585 PRHH 0$; "PR~H II 
59(\ PRINT "SCALE IS FROH 0 TO II;(); II ~4UCLEOTIDES. EACH Oit.JISION IS II ;Z ./ 
::<FHC 
595 PRINT [1$; "PR~)" 
E;[10 PRINT "00 '-r'OU HA~H TO RESCALE THE ><-A>-aS? EHTER 0 OR ~~EJ.I HA~:I-t-1UH >::-t..tA 
LUE" 
t ; 05 I r·4PU r C!N 
E;10 IF ON < > 0 THEN I~ = I~N: 130TO 480 
•312 GOSUE: 5001 
613 GET .J$: IF j$ = "C" THEN GOSUB 4000 
s20 PRINT "DO You HHNT A PR I tnouT oF THE GF:APH I cs?" 
625 I t·4PIJT A$ 
630 IF A$ = "NO" THEN Et·40 
632 POKE - 12524,0 
633 POKE - 12525,64 
635 PRINT 0$; "PF:#1 II 
640 PRINT CHR$ (17) 
?~10 END 
1000 PRINT D$;"0PEN CPH ";HB$;" .. L10" 
1010 FOR X = J TO K 
1020 PRINT 0$;"REAO CPH ";NB$;". R";X 
1 t130 I t~PUT C:O:: ::< > 
1 040 t·4EXT X 
1 (150 PRINT 0$; "CLOSE CPH II ;NB$ 
10E;0 RETUF:N 
2000 PRINT 0$;"0PEN CPH ";NB$;", L10" 
2~310 FOF: ;:.c; = . ..1 TO t< 
2020 PRINT 0$;"14RITE CPH ";HB$;", R";X 
2030 PR nn ceo 
2040 ~~EXT X 
2050 PR HH 0$; .. CLOSE CPH II i NB$ 
2060 RETUF:N 
3000 HPLOT 1~189- 187 + F<1> / HXT 
30113 FOR X = 2 TO 275 
3020 Y = 189 - 187 * F<X> / HXT 
3030 HPLOT TO X~'r' 
3040 NEXT X 
3050 RETURH 
4000 OIH F<276> 
4310 HXT = 0 
4012 R = 2 * <2 / HAHH- 1 /HI) 
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4013 POKE - 16304,0: POKE - 16299,0 
4015 FOR T = 1 TO 275 
4020 F<T> = R * 9 * T * (1- R> A (9 * T- 1) * <2 +<HI- 8 * T) * P' / 
t-H + 1) 
4030 IF F( T) > ~1~-<T THEN HXT = F< T) 
4040 NE::-:T T 
4045 t30SUB 3000 
4€182 GET J$ 
4083 POKE - 16303,0: POKE - 16300,0 
4084 INPUT .. BL~CK OUT LAST PLOT? ";C$ 
4085 IF C$ = "YES .. THEH HCOLOR= 0: GOSUB 3000 
4086 I HPUT .. C~ R-t•ALUE FOR CURlJE -FIT PLOT? " ; F:S: 
4087 IF RS = "HO.. THEH GOTO 51300 
4089 R = 2 + t.JAL ( R$ ) 
4090 HXT = 0 
4092 HCOLOR= 3: GOTO 4013 
5(1€n3 RETUF:t~ 
5001 FOR Y = 0 TO '1L 
5010 H = HI + Y * 10 
5015 IF H > Q THEH GOTO 5024 
502€1 HPLOT XFAC * H, 189 - 'r'F~C * PO:: Y) 
5022 HIS'<T Y 
5024 RETUF:N 
~0~ MANY BASE PAIRS IN THE INITIAL ONR?48000 
~HAT IS THE SIZE OF R GEL SLICE IN tm?!.l78 
~HqT IS THE BRCKROUND CPH?30 
HHAT IS THE SLICE NUt·1E:ER OF THE FIF:ST HOT ~:LICE::·:;:: 
f·il"iHT IS THE :;LOPE At·~O 'r'- It-HERCEPT OF THE LOt3( HH ) '...IS DISTANCE PLOT?-. 01501 5, 4. 126 
(1 
8ETHEEN ~HICH SLICE NUHBERS DOES THIS SLOPE APPLY?31,67 
F:ECALL CPH DATA? E~nER NO OR NOTEBOOK t·~Ut·18EF: I) I -E;7 r·~PE 
~~HH T IS THE '3LOPE ~NO .,.._ HHERCEPT OF THE LOt3( H~) t.)S 0 I STANCE PLOT?-. 025€164 # 4. f4t1:3 
E:EH~EEt-4 k~H I CH SLICE ~~U~1BERS DOES THIS SLOPE APPL Y?68, 120 
REC~LL CPH DATA? ENTER t~O OR t~OTEBOOK t~Ut1E:EF: '...'I -E;7 t-iF'E 
~.;HAT IS THE SLOPE AHD 't- INTERCEPT OF THE LOG( HH) l)S DISTANCE PLOT?0,0 
DO 'r'OU HAtn A PRINTOUT OF THE OHH SIZE DI'3TFUE:t_IT!Ot·F'r'E: : 
DO ;rOU ~iANT TO PLOT THE DNA 3IZE OISTRIBIJTIOH?YES 
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2.379 .-. .. ,-,""':" 
.;:,. • J. ·=· i 
2. 3:3:3 
.-. C' ... ~ .::.. ·-'~ ~' 
2.39::: 
t~ICK8 PER ~~UCLEOTIOE = 1. 67:343088E-03 ( U:3 I~~G NAt1H) 
TOTAL ~NOHOLES OF t~ I CKS = . E:71372351 0:: USING t'1At1~ > 
HAHH = 9:31 
tHCKS PER NUCLEOTIDE = 1. 99829251E-03 <USING HAH~ > 
TOTAL N~NOHOLES OF NICKS = • 79831 7002 ( US H~G HAH~ > 
BACKROUNO CPH = 30 
3C~LE IS FPOH 0 TO 3867.60382 NUCLEOTIDES. EACH DIVISION IS 300 
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S0 ~- l:K = 33:M 8722:N = 2:P = .l:Q = 100 
ss o Hi C:$( 2tn 
70 DH1 F1( 2e) 
80 DIH F2<20> 
·30 or H F3< zen 
100 Ct I H S< 20 > 
110 HOHE : UTRB (3) 
115 INPUT II t·40TEE:OOK NUHE:EF: II ; NE:$: PF: I~~~ 
117 It-iPUT "REACTION CONDITIONS HEAOU~I3 ";C$: PRINT 
120 I ~~PUT II LAt·~E t·KiHE:EF: II ; ;:.:; : PR I tH 
130 IF X= 0 THEN . t30TO 200 
140 INPUT "F:EACTION cmmiTIOt~:; ";CS< ::-:: >: PF:INT 
160 INPUT "AREA CTS. FORH I ";F1( i< ): PRI~H 
165 IF Fl(X) < > 0 THEN GOSUE: 1000 
170 IF Fl(X) = 0 THEN GOSUB 2000 
1 :3f1 GOTO 12t:t 
200 PRI~H CHR$ ( 4 ); "PR#1" 
205 PRINT NBS: PRINT 
210 PRINT "LANE I I I I I I ·:;"; ·:;PC/ 4 ) ;C$ 
220 FOR X = 1 TO 20 
230 :F SCX) = 0 THEN GOTO 250 
235 S(X) = URL ( LEFTS ( STR$ (S(X) ) ,5 )) 
240 PRINT T~BC 2JX;: HTRB <?~: PRINT F1 (X) ;: HTRB (14): PRINT F2(X);: HTRB 
(22): PRINT F3(X);: HTRE: <29): PRINT S(X);: HTRB (39): PRINT CS(X ) 
250 t·~E::<T X 
255 PRINT CHR$ ( 12 ) 
260 PRINT CHR:f ( 4);"PR#0" 
27~3 Et·m 
~01Znj lHPUT 11 HREA CTS. FORH I I ";F2( ~"< ): PRII-H 
1010 Fl(X) = F1CX) * 1.22 / <F1(X) * 1.22 + F2(X)) 
l020 S<X> = - LOG CF1(X)) 
1030 F1<X> = INT (F1<X) * 10000 + .5 ) / Q 
1040 F2<X> = INT ((100- FlCX)) * Q + .5) / Q 
1 (15(1 F:ETUF:t·~ 
2000 INPUT "PERCENT FORH II II ;F200: PRHH 
2005 F3(X) = INT (( Q - F2CX>> * Q + .5) / Q 
2010 s = 2 
2020 FA= (J - s ~ K / H) A (S / N) * 100 
203(1 ":; = ~=; + p 
2040 FB = (j - s * K / H) A (S / N) * 100 
2050 IF FB < F2<X) THEN GOTO 2070 
2080 FR = FB: 130TI) 2030 
2070 IF <FA - F2<X>> < (F2<X> - FB> THEN S(X) = INT ((S P) + Q + .5) / 
G!: GOTO 209(1 
2080 S(X) = lNT CS * Q + .5 ) / Q 
2080 RETUF:t·~ 
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J ~: Ut·~ 
~~CTE:BOOK t·~Ut1E:EF: i) I I -E;B 
RERCTION CONDITIONS HE~DING HILLIMOL~R ~TT 
REACTION CONDITIONS 0.: 
qpEq CTS. FORH I .41768 
AREA cr:;. F0Fl1 
REACTION CONOIT!O~S 
~REACTS. FORH I .17584 
PRE~ CTS. FORH II .38?52 
REACTION CONDITIONS 5.0 
PRE~ CTS. FORH I 0 
PERCENT FORM II 94 
Lf=iriE t·4Ut·1E:EF: 0 
:;;Pt·iF'LE OUTPUT 
I..J I I-.:;::: 
U71t·~E I I I I I I 
1 70. (1~3 2:3.:31 
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